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 Gibberellins (GA) are an important family of endogenous plant growth regulators 
that are essential for many aspects of plant growth and development, including plant 
stature. In the GA signaling pathway, the action of GA is opposed by a group of DELLA 
repressors. REPRESSOR OF GA1-3 (RGA) is one such repressor of plant growth in 
Arabidopsis. During GA signaling, bioactive GA binds to its receptor, GID1, to trigger a 
downstream signaling cascade. The binding of GA to its receptor enhances the interaction 
between the GA-receptor complex and DELLA proteins. DELLA proteins are then 
recognized by the SCF
SLY1
 E3 ubiquitin ligase complex, polyubiquitinated and 
subsequently degraded by the 26S proteasome. The reduction in DELLA protein levels in 
turn affects their interactions with other transcriptional regulators, and the expression of 
their downstream target genes. The changes in transcriptional activities lift the repressive 
effects of the DELLA proteins, leading to GA-responsive growth and development. 
 During plant development, final organ size is dependent on growth rate and 
duration, and at the cellular level, growth rate is the result of the interplay between cell 
proliferation and expansion. GA has been shown to regulate cell elongation through 
stimulating the destruction of DELLA repressors in various tissues, including hypocotyls, 
stamens, stems, and roots. Recently, a novel function of GA in regulating cell production 
has also been discovered. GA was found to regulate cell proliferation by removing 
DELLA proteins in a subset of root meristem cells. Furthermore, GA controls cell cycle 
activity in the root meristem by modulating mRNA levels of several cell cycle inhibitors 
 viii 
via a DELLA-dependent mechanism. GA therefore regulates both cell expansion and 
division by nullifying the negative effects of DELLA repressors. 
 The Arabidopsis genome contains more than 600 genes encoding receptor-like 
kinases (RLKs), a subfamily of plant Ser/Thr kinases that are characterized by their 
receptor configuration. Receptor-like cytoplasmic kinases (RLCKs) that lack a 
transmembrane or extracellular domain are a subfamily of RLKs. The subfamily of class 
VI RLCKs consists of 14 members, and these members contain a highly conserved kinase 
domain, with a few members containing an additional universal stress protein (UspA) 
domain. Although several members in this subfamily have been found to interact with a 
group of plant-specific signaling regulators, the Rho-type GTPases, the biological 
significance of these interactions remain largely unknown.  
 In this study, we characterized the novel gene, STUNTED (STU), an RLCK VI 
family protein expressed in multiple plant tissues. STU expression is repressed by the 
DELLA protein RGA in a GA-dependent manner. The STU loss-of-function mutant, stu-
1 displayed multiple defects including retarded growth, and reduced plant and organ 
stature, which were attributed to a reduction in cell division. Furthermore, the effect of 
STU on cell division was found to occur through two cyclin-dependent kinase inhibitors, 
SIM and SMR1. Our results lead to the proposal of a novel mechanism of GA regulation 










List of Abbreviations 
 
Chemicals and reagents 
  
BSA bovine serum albumin 
DIG digoxigenin 
EDTA ethylenediaminetetraacetic acid 
LB Luria-Bertani 
PBS phosphate buffered saline 
PMSF phenylmethylsulfonylfluoride 
SDS sodium dodecyl sulfate 
SSC standard saline citrate 
Tris Tris(hydroxylmethyl)-aminomethane 
YPDA yeast peptone dextrose adenine 
  
  












kb kilo base pairs 
kDa kilo Dalton 
kV kilovolts 
M molar 







OD optical density 
pH p(otential) of H(ydrogen) 
p.s.i pound per square inch 





Others   
  
BLAST Basic Local Alignment Search Tool 
cDNA complementary deoxyribonucleic acid 
DNA deoxyribonucleic acid 
dNTP deoxynucleoside triphosphate 
mRNA messenger ribonucleic acid 
PCR polymerase chain reaction 
RNA ribonucleic acid 
RT reverse transcription 
SD standard deviation 
SiRNA small interfering RNA 
T-DNA transfer-deoxyribonucleic acid 











List of Tables 
 Page 
Table 1. Genes affecting plant stature 31 
Table 2. List of primers used in this study 41 
Table 3. Primers used for yeast two-hybrid assay 68 
Table 4. Gene Ontology of RGA-regulated genes during flower development 74 














List of Figures 
 Page 
Figure 1. Phenotypes of the ga1-3 mutant. 6 
Figure 2. Schematic diagram of the domains present in DELLA proteins. 11 
Figure 3. Model of GA signaling. 15 
Figure 4. Schematic diagram of constructs used in study. 49 
Figure 5. Schematic diagram of constructs used in yeast two-hybrid studies. 67 
Figure 6. The RGA-GR fusion protein used for microarray analysis is biologically 
functional. 72 
Figure 7. Effect of RGA and GA on STU transcript levels in seedlings. 76 
Figure 8. STU is an immediate target of RGA. 78 
Figure 9. RGA-6HA does not bind directly to STU promoter. 80 
Figure 10. Nucleotide sequence of STU open reading frame and the corresponding amino 
acid sequence. 83 
Figure 11. Schematic representation of the STU genomic DNA. 84 
Figure 12. Nucleotide sequence alignment of STU and its homolog At4g35030. 86 
Figure 13. Protein sequence alignment of STU and its homologs. 89 
Figure 14. Tissue-specific expression of STU by semi-quantitative RT-PCR. 90 
Figure 15. Tissue-specific expression of STU at different developmental stages by whole 
mount GUS staining. 92 
Figure 16. Tissue-specific expression of STU in floral organs. 93 
Figure 17. Sub-cellular localization of STU. 95 
Figure 18. GA regulates STU expression in shoot apices. 97 
Figure 19. GA regulates STU expression in shoot apices through RGA. 98 
 xiii 
Figure 20. stu-1 is a null mutant. 100 
Figure 21. stu-1 shows reduced plant stature. 101 
Figure 22. stu-1 shows retarded growth of plant organs. 102 
Figure 23. stu-1 seeds show reduced germination rates. 104 
Figure 24. stu-1 exhibits reduced fertility. 105 
Figure 25. Pollen phenotypes of stu-1. 106 
Figure 26. Late stage flower development in stu-1. 108 
Figure 27. amiR-stu plants show retarded growth. 110 
Figure 28. 35S:STU plants show an increase in plant stature. 112 
Figure 29. Complementation of stu-1 by a 4.5 kb STU genomic fragment. 113 
Figure 30. STU mRNA expression levels affect plant growth rate. 115 
Figure 31. Comparison of cell division and expansion rates by SEM between WT and 
stu-1. 117 
Figure 32. stu-1 exhibits reduced cell proliferation. 119 
Figure 33. STU mediates GA regulation of cell division. 120 
Figure 34. Expression of cell proliferation marker genes in stu-1. 122 
Figure 35. 35S:STU Landsberg erecta plants show increased growth rate. 124 
Figure 36. STU regulates the expression of the CDK inhibitors, SMR1 and SIM. 125 
Figure 37. STU does not regulate the expression of the CDK inhibitors, SMR2 and KRP2.
 127 
Figure 38. Bait self-activation test for STU. 129 
Figure 39. STU mediates GA control of Arabidopsis plant stature. 136 
 1 
1 General Introduction 
 Gibberellins (GA) constitute a large family of plant growth regulators that play a 
central role in many developmental processes. The importance of GA to plant 
development can be seen from the Arabidopsis GA biosynthesis mutant ga1-3, which is 
severely dwarfed (Koornneef and Vanderveen, 1980). In addition to retarded growth of 
shoots and roots, the ga1-3 mutant has dark green leaves, shows reduced apical 
dominance and its seeds are non-germinating; while in flower development, impaired 
petals and stamens are detected along with male-sterility (Koornneef and Vanderveen, 
1980; Koornneef et al., 1983; Silverstone et al., 1997; Goto and Pharis, 1999). All these 
defects can be corrected by the application of exogenous GA (Koornneef and 
Vanderveen, 1980). 
 DELLA proteins are the major repressors of GA-responsive growth and are 
highly conserved in Arabidopsis and other plants species. They belong to the plant-
specific GRAS protein family of regulatory proteins (Pysh et al., 1999). Previous studies 
suggest that the five Arabidopsis DELLA proteins, RGA, GAI, RGL1, RGL2, and RGL3, 
have overlapping yet specific roles in the control of plant growth and development. 
Genetic analyses suggest RGA and GAI as the major repressors of GA-mediated growth, 
and removal of their functions eliminates the repressive effects of DELLAs on many 
aspects of growth, particularly stem elongation (Peng et al., 1997; Silverstone et al., 
1998; Dill et al., 2001; King et al., 2001). In normal Arabidopsis development, GA binds 
to its receptor GID1, which enhances GID1 interaction with a DELLA protein (Griffiths 
et al., 2006). The DELLA protein is then targeted to a SCF-E3 ubiquitin ligase by the F-
box protein SLY1 leading to its subsequent ubiquitinylation and degradation by the 26S 
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proteasome (McGinnis et al., 2003; Dill et al., 2004; Fu et al., 2004). This lifts the 
inhibitory effect of DELLAs, leading to GA-responsive growth and development. 
 The GA signaling pathway, concerned with many aspects of growth and 
development is conserved in many plant species including crop plants. Dwarf cultivars of 
wheat (Triticum aestivum) and rice (Oryza sativa) that were found to be impaired in GA 
biosynthesis or signaling were crucial to the success of the ‘Green revolution’ (Peng et 
al., 1999; Monna et al., 2002; Spielmeyer et al., 2002; Sasaki et al., 2003). Therefore, an 
in depth understanding of the GA signaling pathway is of great interest and significance. 
  Although much is known about the mechanisms and components of GA signaling, 
nearly all of the research is focused on events upstream of the DELLA proteins. There 
exists a huge gap in knowledge on the events that take place between the degradation of 
DELLA proteins and subsequent GA-responsive plant growth and development. In this 
study, we attempted to identify immediate downstream genes of RGA using an RGA-
inducible system. In depth characterization of the identified gene(s) was then carried out 
using various molecular and genetic approaches, to elucidate the molecular events that 
take place subsequent to the degradation of DELLA repressor proteins, in order to 
augment current understanding of the mechanisms of DELLA target genes in Arabidopsis 
development.  
 The main objectives of this study were: 
1) Identification and verification of downstream genes of RGA, 
2) Detailed characterization of chosen target gene(s) including: 
- Spatial and temporal expression 
- Mutant characterization 
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- Biological function 
- Mechanism of action 
3) Integration of the knowledge derived from this study with existing model(s) to 
















2 Literature Review 
2.1 Gibberellins 
 Gibberellins (GA) are a large family of tetracyclic diterpenoid compounds that are 
essential regulators of plant growth and development. The discovery of GA can be traced 
to Japanese plant pathologists during the late 19
th
 century to early 20
th
 century. They were 
investigating the causes of the "bakanae" (foolish seedling) disease, which seriously 
lowered the yield of rice crops in Japan, Taiwan and throughout the Asian continent. The 
disease was later attributed to the fungus Fusarium moniliforme (Gibberella fujikuroi). 
Infected plants demonstrated pale-yellow, elongated seedlings with slender leaves, 
stunted roots, and little or no seed production, reminiscent of the present GA-
overproduction mutants. GA was subsequently isolated by Teijiro Yabuta in 1935 and the 
name "gibberellin" was first used in scientific literature. A short history of the discovery 
of GA can be found at http://www.plant-hormones.info/gibberellinhistory.htm. Studies on 
GA were later disrupted by World War II, and the first GA from plants was only isolated 
in the 1950s (Radley, 1956). 
GAs control diverse developmental processes such as seed germination, stem 
elongation, leaf expansion, trichome development, and fruit and flower development 
(Hooley, 1994; Harberd et al., 1998). More than 100 different GAs have been identified 
to date in higher plants, fungi and bacteria (Hedden and Phillips, 2000). The importance 
of GA to plant development can be seen from the phenotype of GA biosynthetic mutants. 
In the model plant Arabidopsis thaliana, the mutant ga1-3 contains a deletion in the gene 
GA1, which encodes an enzyme that catalyses an early step in GA biosynthesis (Sun and 
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Kamiya, 1994). ga1-3 mutant seeds fail to germinate without exogenously applied GA, 
produce small, dark green leaves and are severely dwarfed compared to wild-type plants 
(Fig. 1). The ga1-3 mutants also exhibit reduced apical dominance, retarded petal and 
stamen development, delayed flowering and male sterility (Koornneef and Vanderveen, 
1980; Koornneef et al., 1983; Wilson et al., 1992; Silverstone et al., 1997; Goto and 
Pharis, 1999). All the above-mentioned defects can be completely rescued by treatment 
with exogenous GA (Koornneef and Vanderveen, 1980). 
 
2.1.1 GA biosynthesis and catabolism 
 More than 100 GAs have been identified to date and they are named from GA1 to 
GAn by their order of discovery. Of the large number of GAs discovered in plants, only 
GA1, GA3, GA4 and GA7 are bioactive. GA biosynthesis can be divided into three major 
events, first of which is the biosynthesis of ent-kaurene from trans-geranylgeranyl 
diphosphate (GGPP) in the plastids, in a two-step cyclization reaction. The second event 
occurs in the endoplasmic reticulum (ER) whereby ent-kaurene undergoes sequential 
oxidation to produce GA12, which undergoes hydroxylation to give GA53. GA12 and GA53 
are the substrates for the final stage of GA biosynthesis, which takes place in the 
cytoplasm. A series of GA intermediates and bioactive GAs are produced by the actions 
of GA 20-oxidases (GA20ox) and GA 3-oxidases (GA3ox). The amount of bioactive 
GAs can be regulated by control of its rate of synthesis as well as its inactivation by GA 
2-oxidases (GA2ox) (Hedden and Phillips, 2000; Olszewski et al., 2002). In Arabidopsis, 





Figure 1. Phenotypes of the ga1-3 mutant. 
The ga1-3 mutant (top panel, right) is dwarf compared to a wild-type plant (left) of the 
same age. The ga1-3 mutant shows retarded petal (middle panels) and stamen 
development, and is male sterile (bottom panels).  
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 GA4 is the predominant form of bioactive GA in Arabidopsis, which also contains 
low levels of GA1 (Talon et al., 1990). GA homeostasis in plants is usually maintained by 
feedback regulation of GA20ox (Phillips et al., 1995; Xu et al., 1995) and GA3ox 
(Chiang et al., 1995; Yamaguchi et al., 1998) and feed forward regulation of GA2ox 
(Thomas et al., 1999). Bioactive GAs are predominantly produced in rapidly developing 
tissues such as shoot tips, expanding leaves, internodes and germinating seeds, suggesting 
that the site of GA biosynthesis is closely linked to its site of action. Due to the low 
abundance of GA, its precise tissue of biosynthesis could not be determined previously. 
However, studies of the expression of GA biosynthesis genes have overcome this 
problem and revealed their precise tissue and cell-specific expressions in Arabidopsis 
(Yamaguchi et al., 2001; Mitchum et al., 2006; Hu et al., 2008).  
 
2.1.2 GA signaling 
2.1.2.1 GA receptors 
 The receptor for GA, GIBBERELLIN INSENSITIVE DWARF1 (GID1) was first 
discovered in rice (Ueguchi-Tanaka et al., 2005). Subsequently, the GA receptors of 
Arabidopsis, GID1a, GID1b and GID1c were identified through their homology to the 
rice GID1 (Nakajima et al., 2006). GID1 exhibits high similarity to hormone-sensitive 
lipases, is preferentially localized to the nucleus, and has high affinity for biologically 
active GAs (Ueguchi-Tanaka et al., 2007; Shimada et al., 2008). Further characterization 
of the Arabidopsis GA receptors showed that GA enhanced the interaction between GID1 
and DELLA proteins and that the GA-GID1 complex promoted the interaction between 
RGA and the F-box protein SLY1 (Griffiths et al., 2006). All three GID1 homologs were 
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found to be expressed in most tissues throughout plant development but at varying 
expression levels. In addition, it was found that while single mutants were normal, gid1a 
gid1b gid1c triple mutant was not responsive to GA and had a more severe dwarf 
phenotype than ga1-3. In the triple mutant, flower formation occurred in long day 
conditions but with severe defects in floral organ development. The less severe 
phenotype of ga1-3 could be because the ga1-3 mutant still produces minute quantities of 
bioactive GAs (King et al., 2001; Silverstone et al., 2001) or that Arabidopsis GID1s are 
able to promote growth to a small extent through a GA-independent pathway. Further 
studies are necessary to determine if such a pathway indeed exists. 
 
2.1.2.2 DELLA proteins 
 DELLA proteins belong to the plant-specific GRAS family of putative 
transcriptional regulators (Bolle, 2004). They are a class of GA signaling repressors and 
are highly conserved among crop plants including d8 in maize, Rht in wheat, SLR1 in 
rice, SLN1 in barley and VvGAI in grape (Boss and Thomas, 2002; Olszewski et al., 
2002). Mutations in the Rht (Reduced height) genes of wheat were of great significance 
in agriculture, contributing to increased yield that helped feed the growing world 
population, in what is now known as the “Green Revolution” (Hedden, 2003). While the 
above-mentioned crop plants have only one DELLA protein each, the Arabidopsis 
genome contains five genes that encode DELLA proteins. They are: REPRESSOR OF 
ga1-3 (RGA), GIBBERELLIN INSENSITIVE (GAI) and RGA-Like 1, 2 and 3 (RGL1, 2 
and 3).  
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2.1.2.2.1 GRAS proteins 
 GA regulation of plant development is regulated by the DELLA repressor 
proteins, which belong to the plant-specific GRAS protein family. GRAS proteins are 
named after the three founding members of the family, GAI, RGA and SCR and are 
unique to plants (Di Laurenzio et al., 1996; Silverstone et al., 1998). All GRAS proteins 
consist of two leucine-rich regions flanking a VHIID motif. Other domains commonly 
present include the LXXLL sequence near the first leucine-rich area, the PFYRE and 
RVER motifs (Pysh et al., 1999) and a C-terminal SAW motif. Despite considerable 
conservation at the C-terminal, GRAS proteins are highly divergent at their N-terminus 
although many of them have N-termini containing homopolymeric stretches of amino 
acids like proline, tyrosine and serine. GRAS proteins can be divided into seven clades 
consisting of DELLA, SCR, Ls, PAT1, HAM, SHR and SCL9 (Bolle, 2004).  
 There are at least 33 GRAS proteins in Arabidopsis. The fact that they are absent 
from the genome of other organisms suggests a specialized role in plant development. 
Members of the family have diverse functions and are found to be involved in many 
important processes like root development (AtSCR) (Di Laurenzio et al., 1996), shoot 
meristem maintenance (PhHAM) (Stuurman et al., 2002), phytochrome signaling 
(AtPAT1) (Bolle et al., 2000) and GA signal transduction (AtGAI, AtRGA, AtRGL) 
(Gomi and Matsuoka, 2003; Sun and Gubler, 2004; Fleet and Sun, 2005). The domain 
structure of GRAS proteins are reminiscent of transcription regulators with the divergent 
N-terminal specifying their roles to a certain pathway and their conserved C-terminal 
interacting with common downstream targets (Bolle, 2004).      
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2.1.2.2.2 Domain structure of DELLA proteins 
 DELLA proteins are so named due to their characteristic conserved DELLA 
domain at the N-terminal. This domain is essential for the inactivation of DELLA 
proteins by the GA signal, and the deletion of 17 amino acids in the DELLA domain of 
GAI causes constitutive repression of GA signaling (Peng et al., 1997). Besides the 
DELLA motif, DELLA proteins also contain polymeric Ser/Thr motifs, which are likely 
targets of phosphorylation and glycosylation; leucine heptad repeats (LHR), which may 
function in protein-protein interactions; a nuclear localization signal; and a putative Src 
homology 2 (SH2) phosphotyrosine binding domain (Peng et al., 1999). The domain 
structure of a DELLA protein is illustrated in Figure 2. Nuclear localization of DELLA 
proteins has been demonstrated by their GFP fusion proteins (Silverstone et al., 1998; 
Silverstone et al., 2001; Itoh et al., 2002). Since DELLA proteins do not have a DNA-
binding domain, they were initially speculated to function as transcription regulators but 
not transcription factors that directly activate gene expression, which was later proven to 
be true.   
 Two research papers published in 2008 showed that DELLAs block the 
transcriptional activity of the transcription factors PHYTOCHROME-INTERACTING 
FACTOR 3 (PIF3) and PIF4, two bHLH-type transcription factors, by binding to their 
DNA recognition domain, to modulate the process of photomorphogenesis in Arabidopsis 
(de Lucas et al., 2008; Feng et al., 2008). In the presence of light, phytochrome B induces 
destabilization of PIFs. DELLAs interact with PIFs and repress their DNA-binding 
ability. DELLA binding prevents PIFs from binding to their cognate promoters and 












Figure 2. Schematic diagram of the domains present in DELLA proteins. 
The DELLA domain and VHYNP are highly conserved in DELLA proteins and the C-
terminal region is conserved amongst GRAS proteins. Poly S/T: polymeric Ser and Thr; 









hypocotyl elongation. GAs trigger proteasome degradation of the DELLA repressors and 
allow accumulation of free PIFs, promoting PIF-activated gene expression. These two 
studies on PIFs demonstrate the integration of light and GA signals and confirm the role 
of DELLAs as transcriptional regulators. 
 
2.1.2.3 GA signaling components 
 Analyses of mutants deficient in GA biosynthesis or with altered GA sensitivity 
have contributed to the elucidation of the GA signaling pathway over the past decades. 
RGA and GAI were the first two DELLA proteins to be identified in Arabidopsis. RGA 
and GAI show a high degree of homology and are 82% identical in their amino acid 
sequence (Peng et al., 1997; Silverstone et al., 1998). RGA was identified in a screen for 
mutations that suppress the dwarf phenotype of ga1-3 (Silverstone et al., 1997). Loss-of-
function rga suppresses most phenotypes of the ga1-3 mutant including delayed trichome 
initiation, dwarfism, reduced apical dominance and delayed flowering (Silverstone et al., 
1997). GAI on the other hand, was identified as a semi-dominant mutation in gai-1 that 
reduced GA sensitivity (Koornneef et al., 1985). It was later shown that the mutant 
contained a 51-nucleotide deletion in its DELLA domain, corresponding to a loss of 17 
amino acids. GAI was also shown to be a repressor of GA response and therefore, GA 
modulates plant growth through derepression (Peng et al., 1997). The loss-of-function 
gai-t6 allele suppresses ga1 weakly but in combination with rga-24, the rga-24 gai-t6 
double null mutations were able to rescue the defects of ga1-3 to wild type except for 
seed germination and floral development suggesting that RGA and GAI function 
synergistically, with RGA playing a more dominant role (Dill and Sun, 2001).  
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 RGL1 and RGL2 have also been shown to act as negative regulators of GA 
signaling (Lee et al., 2002; Wen and Chang, 2002; Cheng et al., 2004; Tyler et al., 2004). 
RGL2 negatively regulates GA responses in the control of seed germination. Transcript 
levels of RGL2 increase during seed imbibition and rgl2-1 suppresses the non-
germinating phenotype of ga1-3 (Lee et al., 2002). Furthermore, detailed analysis of 
different combinations of DELLA loss-of-function mutants showed that RGA, RGL1 and 
RGL2 function synergistically in repressing flower development (Cheng et al., 2004; 
Tyler et al., 2004; Yu et al., 2004). Therefore, members of the DELLA subfamily have 
overlapping yet specific roles in the control of plant growth and development, which may 
allow for the fine-tuning of GA responses in different tissues, at different stages in the 
plant.  
 The SPINDLY (SPY) gene of Arabidopsis was the first GA signaling component 
to be cloned but its mechanism of action is still unclear up till today. spy mutants were 
identified due to their ability to grow on medium containing paclobutrazol (PAC), an 
inhibitor of GA biosynthesis (Jacobsen and Olszewski, 1993; Jacobsen et al., 1996). spy 
mutants are early flowering, and have lighter green leaves and longer hypocotyls than the 
wild type. spy mutations could rescue the phenotypes of ga1-3 indicating that SPY 
inhibits an early step in GA signaling. SPY is a tetratricopeptide (TPR) repeat protein 
with high similarity to Ser/Thr O-linked N-acetylglucosamine (O-GlcNAc) transferases 
(OGTs) in animals (Jacobsen et al., 1996; Roos and Hanover, 2000). TPRs are involved 
in protein-protein interactions while OGTs modify proteins in signal transduction 
pathways in a manner similar to protein phosphorylation (Hart et al., 1989; Hart, 1997; 
Vosseller et al., 2002). OGTs transfer
 




residues of target proteins via an O-linkage. This post-translational 
modification
 
can affect protein localization and stability, phosphorylation and interaction
 




2.1.2.4 Model of GA signaling 
 DELLA proteins are rapidly degraded upon GA treatment (Silverstone et al., 
2001; Dill et al., 2004; Tyler et al., 2004) and the degradation is dependent on the 
presence of the DELLA motif (Dill et al., 2001). The mechanism of degradation of 
DELLA proteins was elucidated from work on the F-box protein SLY1 (McGinnis et al., 
2003). F-box proteins are a subunit of the Skp1/cullin/F-box (SCF) E3 ubiquitin ligase 
complex and are responsible for substrate specificity. sly1 mutations cause a significant 
increase in RGA and GAI protein accumulation even after GA treatment and the dwarf 
phenotype of sly1 can be suppressed in the sly1 rga gai mutant. Yeast two-hybrid 
experiments later established the direct interaction of SLY1 with RGA and GAI, and 
these, together with evidence that GA degradation of DELLA proteins occurs by 
ubiquitin-mediated 26S proteasome-dependent proteolysis (Dill et al., 2001; Fu et al., 
2002; Sasaki et al., 2003; Dill et al., 2004; Fu et al., 2004), support the role of SLY1 as 
the F-box subunit of the SCF E3 ubiquitin ligase that regulates GA responses (Dill et al., 
2004).  
 On the basis of the information obtained to date, the model of GA signaling is 
depicted as in Figure 3. Bioactive GAs synthesized in plant tissues bind to its receptors, 
GID1 (Ueguchi-Tanaka et al., 2005). The binding of GA to its receptor enhances the 








Figure 3. Model of GA signaling.  
Bioactive GAs bind to its receptor GID1 to trigger a downstream signaling cascade. The 
binding of GA to its receptor enhances the interaction between the GA-receptor complex 
and DELLA proteins. DELLA proteins are then recognized by the SCF
SLY1
 E3 ubiquitin 
ligase complex, polyubiquitinated and then degraded by the 26S proteasome. The 
reduction in DELLA protein levels in turn affects their interaction with other 
transcriptional regulators and the expression of their downstream genes. This lifts the 
repressive effects of the DELLA proteins leading to GA-responsive growth and 








The DELLA protein is then recognized by the F-box protein SLY1, a part of the SCF
SLY1
 
E3 ubiquitin ligase complex (McGinnis et al., 2003; Dill et al., 2004). As a result, the 
DELLA protein is poly-ubiquitinated and rapidly degraded by the 26S proteasome (Fu et 
al., 2002; Itoh et al., 2003). The reduction in DELLA protein levels in turn affects the 
activity of transcription factors like PIF3 and PIF4 (de Lucas et al., 2008; Feng et al., 
2008). This lifts the repressive effects of the DELLA proteins and leads to changes in 
transcriptional activity, eventually promoting GA-responsive growth and development. 
Additionally, SPY may inhibit GA responses by activating DELLA proteins whose poly 
S/T regions are putative OGT modification sites (Peng et al., 1997). The degradation of 
DELLA repressors in order for GA to promote growth is the reason the GA signaling 
model is also called the “GA- derepressible repressor” model (Richards et al., 2001). GA 
has been shown to modulate growth by promoting cell elongation in hypocotyls, stamens, 
stem and roots and more recently, has also been found to regulate cell proliferation (Yang 
et al., 1996; Cowling and Harberd, 1999; Cheng et al., 2004; Ubeda-Tomas et al., 2008; 




2.1.3 Gene regulation in the GA signaling pathway 
2.1.3.1 Targets of GA signaling 
2.1.3.1.1 MYB transcription factors 
 GAMYBs are a group of GA induced MYB transcription factors first identified as 
the activator of α–amylase in barley (Gubler et al., 1995). In rice, OsGAMYB was found 
to regulate stamen and tapetum development (Kaneko et al., 2004). In Arabidopsis, three 
GAMYB-like genes were identified, which can substitute for the α–amylase activation by 
GAMYB in barley (Gocal et al., 2001).  AtMYB33 is expressed in the shoot apex and 
implicated in GA induction of flowering by binding to the promoter of the floral 
meristem gene LEAFY (LFY) to stimulate its expression. Another Arabidopsis MYB gene, 
GLABROUS1 (GL1) promotes trichome initiation and branching in response to GA 
(Perazza et al., 1998). It was later established that GA regulation of GAMYBs occurs 
through microRNAs (miRs). GA regulates the levels of miR159, and miR159 in turn 
directs the cleavage of mRNA encoding GAMYB-like proteins to regulate processes like 
flowering time and anther development (Achard et al., 2004). 
 
2.1.3.1.2 Floral homeotic genes 
 GA regulation of flower development is highlighted in the ga1-3 mutant, which 
shows retarded growth of all floral organs (Goto and Pharis, 1999). GA application and 
null mutations in DELLA proteins can rescue these floral defects (Koornneef and 
Vanderveen, 1980). GA was found to up-regulate the transcript levels of the floral 
homeotic genes APETALA3 (AP3), PISTILLATA (PI) and AGAMOUS (AG), while RGA 
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induction had the opposite effect (Yu et al., 2004). These results indicate that GA 
regulates flower development by antagonizing the effects of DELLA proteins, to promote 
the expression of floral homeotic genes, to allow continued flower development after the 
establishment of floral organ identities. 
 
2.1.3.1.3 Other targets  
 As an important regulator of plant development, GA controls a wide range of 
processes through a vast number of genes. Several microarray experiments have been 
conducted in a bid to identify the regulated genes and to differentiate between targets of 
GA and its downstream transcriptional regulators, the DELLA proteins. It was found that 
during seed germination and flower development, only half of the GA-regulated genes 
were modulated in a DELLA-dependent manner (Cao et al., 2006). Attempts have also 
been made to distinguish between early and late targets of DELLA proteins (Zentella et 
al., 2007; Hou et al., 2008) and also to sort out the GA regulated transcriptomes in 
different tissues or developmental stages (Ogawa et al., 2003; Cao et al., 2006; Zentella et 
al., 2007; Hou et al., 2008). Some commonly identified targets include genes involved in 
the maintenance of GA homeostasis such as GA20ox, GA3ox and GID1s; GAMYBs and 
other transcription factors; genes involved in cell wall remodeling and modification like 
expansin; and genes of other phytohormonal pathways such as EIN3. These results are in 
line with existing knowledge that the GA signaling pathway regulates itself through 
negative feedback, exerts its effects by activating the transcription of target genes, affects 
growth through cell expansion and interacts with other hormone signaling pathways. 
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2.1.3.2 GA responsive cis-acting elements 
 Studies in aleurone cells have lead to the identification of TAACAAA-like 
sequence motifs in the promoters of hydrolase genes. Mutations in these motifs result in 
the loss of GA responsiveness of the promoters (Gubler and Jacobsen, 1992; Rogers and 
Rogers, 1992; Cercos et al., 1999; Sutoh and Yamauchi, 2003). These observations 
support the role of these motifs, later named GA-response element (GARE), in regulating 
transcription in response to GA. Besides the GARE, other components of GA responsive 
genes include the pyrimidine box (C/TCTTTT), the TA/Amy box (TATCCAC), the 
CAACTC box and the Box1/O2S-like element, which collectively form the GA response 
complex (GARC). GAMYB has been shown to transactivate hydrolase and other GA-
responsive promoters by binding to the GARE on these promoters (Gubler et al., 1995; 
Cercos et al., 1999; Gubler et al., 1999).  
 
2.1.4 Interactions with other hormone signaling pathways 
 Since plant growth and development is an integrative process regulated by 
multiple hormonal pathways, it is anticipated that GA responses would be modulated by 
the actions of other phytohormones. These cross-talks between various hormones were 
found to occur largely at the level of the DELLA proteins or through the control of 
hormone biosynthesis.  
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2.1.4.1 Abscisic acid 
 GA and abscisic acid (ABA) play antagonistic roles in the regulation of numerous
 
developmental processes including seed germination, root development and flowering. In 
Arabidopsis, GA promotes while ABA suppresses root growth,
 
and both effects are 
mediated by DELLA proteins (Achard et al., 2006). DELLAs might promote ABA 
accumulation through the gene XERICO whose up-regulation substantially increases 
cellular ABA levels in Arabidopsis. The increased ABA levels subsequently antagonize 
GA effects (Ko et al., 2006; Zentella et al., 2007). ABA blocks seed germination by 
inducing ABI5 (ABA-insensitive5), a basic domain/leucine zipper (bZIP) transcription 
factor (Finkelstein, 1994) and RGL2 inhibits Arabidopsis seed germination by increasing 
ABA synthesis and ABI5 activity (Piskurewicz et al., 2008). ABA application is known 
to increase the stability of RGA by blocking
 
GA-induced degradation of RGA, and the 
quadruple-DELLA mutant
 
(loss of GAI, RGA, RGL1, and RGL2) is relatively resistant to
 
the growth-inhibitory effects of ABA. Both ABA and GA were also found to affect the 
levels of miR159, suggesting that the two hormones may additionally interact at the level 
of GAMYBs (Achard et al., 2004; Reyes and Chua, 2007).  
 
2.1.4.2 Auxin 
 In Arabidopsis, GA stimulation of root growth requires auxin. Auxin from the 
shoot apex promotes Arabidopsis root growth by enhancing the degradation of DELLA 
proteins (Fu and Harberd, 2003). Application of
 
auxin-transport inhibitors and mutation 
in the auxin-efflux regulator AtPIN1 suppressed the
 
effect of GA on root elongation and 
on RGA degradation in
 




the expression of GA biosynthetic genes (Nemhauser et al., 2006). 
More recently, several lines of evidence in poplar plants showed that GAs interact with 
auxin to regulate lateral root formation.
 
One such evidence showed that transgenic poplar
 
plants overexpressing PIN9, an auxin efflux carrier had significantly more lateral root
 
primordia than wild-type controls, and lateral root development
 
in these plants was 
inhibited by GA application (Gou et al., 2010).  
 
2.1.4.3 Ethylene 
 In contrast to auxin, ethylene, a gaseous hormone, inhibits Arabidopsis root 
growth by delaying the degradation of DELLA proteins (Achard et al., 2003). Under 
short-day photoperiod conditions, ethylene delay of floral transition in Arabidopsis can 
be suppressed by GA treatment
 
and in the gai rga double mutant. This inhibition was 
later found to occur through a reduction in GA biosynthesis and the subsequent 
expression of the flowering genes LFY and SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS1 (SOC1) (Achard et al., 2007). Crosstalk between GA, auxin and ethylene 
were also found during the control of hypocotyl elongation and stomata development in 
Arabidopsis, with GA as the main signal and auxin and ethylene as modulators (Saibo et 
al., 2003). In tobacco, it was also discovered that phytochrome-mediated shade avoidance 





 GA and cytokinin exert opposite effects on shoot and root elongation, cell 
differentiation
 
and meristem activity (Greenboim-Wainberg et al., 2005; Jasinski et al., 
2005). In normal shoot apical meristem (SAM) development, high cytokinin and low GA 
levels are required. Members of the KNOTTED1-like
 
homeobox (KNOXI) protein 
family, which are involved in SAM regulation were found to promote and repress 
cytokinin and GA biosynthesis, respectively (Chen et al., 2004; Jasinski et al., 2005; 
Yanai et al., 2005). The antagonistic actions of GA and cytokinin is supported by a 





cytokinin inhibits the expression of the GA biosynthesis genes, GA20ox and
 
GA3ox, and 
promotes the expressions of the DELLA repressors, RGA and GAI  (Brenner et al., 2005). 
 
2.1.4.5 Jasmonate and brassinosteroid 
 Interactions between GA and jasmonate (JA) were discovered in stamen 
development. GA modulates the expression of JA biosynthesis genes. High levels of JA 
in turn promotes the expression of three MYB genes, MYB21, MYB24 and MYB57, which 
are crucial for proper stamen filament development (Peng, 2009). Such synergistic effects 
were also found between GA and JA in the induction of trichomes (Traw and Bergelson, 
2003). Leaves of Arabidopsis treated with GA and JA showed a dramatic increase in 
trichome number, compared to leaves treated with JA only. In plant immunity, it is well 
known that JA regulates defense against pathogens and insects, and adaptation to abiotic 
stresses (Farmer and Ryan, 1990; Vijayan et al., 1998; Farmer et al., 2003; Kessler et al., 
2004; Wasternack, 2007; Browse and Howe, 2008). Recently, it was shown that DELLAs 
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increased sensitivity to gene induction by JA, and conferred elevated resistance to the 
necrotrophic fungus Alternaria brassicicola on infected plants, demonstrating the 
synergistic effect of GA and JA on pathogen interaction (Navarro et al., 2008). 
Additionally, antagonistic regulation of GA responsive genes was also shown between 
GA and the phytohormone brassinosteroid (BR) (Bouquin et al., 2001), and BR treatment 
was found to regulate GA5 transcriptionally, in a manner opposite to GA. 
 
2.2 Plant receptor kinases 
2.2.1 Receptor-like kinases  
 Analyses of the Arabidopsis genome revealed the presence of more than 600 
genes encoding receptor-like kinases (RLKs) (Shiu and Bleecker, 2001). RLKs make up 
more than 2% of the protein-coding genes of Arabidopsis, a vast over-representation 
compared to that in other organisms, signifying their increased importance in plants. 
RLKs are a subfamily of plant Ser/Thr kinase and are characterized by their receptor 
configuration. They are generally composed of an extracellular domain, a single 
transmembrane span, and a cytoplasmic region that contains a conserved kinase domain. 
They have the predicted topologies of receptor kinases but for many of them, their 
receptor functions have not been demonstrated. In metazoans, receptor protein kinases 
are important mediators of paracrine signaling. The first plant RLK was identified in 
maize using degenerate primers targeting the protein kinase domain (Walker and Zhang, 
1990). All plant RLKs belong to a large, monophyletic gene family that contains the Pelle 
cytoplasmic kinases of animals (Shiu and Bleecker, 2001). This family can be further 
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divided into more than 40 subfamilies, with the most common being the leucine-rich 
repeat (LRR) found in more than half of Arabidopsis RLKs and the receptor-like 
cytoplasmic kinases (RLCKs) (Shiu and Bleecker, 2003). Plant RLKs are involved in all 
aspects of plant biology including development, hormone perception and pathogen 
response (Clark et al., 1993; Song et al., 1995; Kinoshita et al., 2005).  
 RLKs belong to a signal transduction system and ligand binding is necessary for 
their activation and further downstream signal transduction. Typically, downstream 
signals are imparted by recruitment of proteins to the activated complex, which triggers 
regulatory cascades of protein phosphorylation or other biochemical functions, eventually 
leading to alterations in gene expression and other cellular functions (Becraft, 2002). One 
RLK whose signaling pathway is well characterized is CLAVATA1 (CLV1), a regulator of 
shoot and floral meristem development in Arabidopsis (Clark et al., 1993). CLV3, a gene 
with similar function was found to encode the ligand for CLV1 (Clark et al., 1995; 
Trotochaud et al., 1999; Trotochaud et al., 2000). While CLV2, a receptor-like protein 
(RLP) with a LRR domain, is involved in the downstream signaling of CLV3 (Jeong et 
al., 1999). A recent study found that CLV2 and CORYNE (CRN), another protein kinase 
forms a heterodimer that can interact with CLV1, providing more insights into the 
mechanism of CLV3 signaling (Zhu et al., 2010). 
 
2.2.2 Receptor-like cytoplasmic kinases 
 RLCKs are a subfamily of RLKs that lack a transmembrane or extracellular 
domain, hence are predicted to be confined to the cytoplasm. They make up 
approximately 25% of RLKs and are further divided into eight classes numbered RLCK I 
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to VIII. Limited information is available regarding RLCKs but existing ones point to their 
involvement in varied processes just like RLKs. The tomato RLCK, Pto kinase, 
physically interacts with the virulence factor, AvrPto from the Pseudomonas pathogen, to 
elicit a defense response and confer resistance to bacterial speck disease (Tang et al., 
1996). Similarly, in Arabidopsis, PBS1, a class VII RLCK, is required for the specific 
recognition of Pseudomonas syringae strains (Swiderski and Innes, 2001). Another gene, 
Constituitive Differential Growth 1 (CDG1) in Arabidopsis, also a class VII RLCK, is 
involve in signal transduction of BR (Muto et al., 2004). In terms of plant development, a 
class VIII RLCK from rice, OsRLCK1 has been characterized, which may be important 
for signal transduction during pollen development (Kong et al., 2007). 
 The 14 members of the class VI RLCK subfamily of Arabidopsis have been 
studied in greater detail than those of other classes. Members of this class were found to 
contain a highly conserved kinase domain with a few members containing an additional 
universal stress protein (UspA) domain, while several others had a serine-rich region at 
their N-terminals. The 14 kinases could be divided into seven pairs of high similarity, 
suggesting the possibility of a gene duplication event during evolution. Examination of 
the expression patterns of the genes, their response to stress treatment and the 
composition of their promoters found all of which to be highly divergent (Jurca et al., 
2008). 
 Recently, members of this class were found to interact with a group of plant-
specific signaling regulators, the Rho-type GTPases (Rops). Rops are a family of small, 
guanine nucleotide binding proteins that constitute the Ras superfamily alongside Ras, 
Ran, Arf and Rab proteins. Rops correspond to the R
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animals (Boureux et al., 2007), which are crucial for cell growth, cell morphogenesis and 
pathogen defense (Berken and Wittinghofer, 2008). They are known to be especially 
involved in the regulation of cytoskeleton, reactive oxygen generation and gene 
expression (Etienne-Manneville and Hall, 2002; Bokoch, 2005). 
  Rops are small proteins of approximately 200 amino acids long with molecular 
weights of 21-24 kDa (Berken and Wittinghofer, 2008). They contain a G domain 
consisting of five G box motifs essential for function (Bourne et al., 1991). Functional 
specificity of GTP-bound Rop complexes is determined by their associated binding 
partners. There are 11 Rops in Arabidopsis and the increasing number of Rop-interacting 
upstream and downstream effector targets found suggests the presence of a complex 
regulatory network involving Rops (Berken and Wittinghofer, 2008). Examples of Rop-
interacting proteins include the Rho GTPase-activating proteins (GAPs), which are 
involved in oxygen deprivation (Wu et al., 2000; Baxter-Burrell et al., 2002) and the 
Rop-interactive CRIB motif containing proteins (RICs) involved in cell morphogenesis 
(Wu et al., 2001; Fu et al., 2005). 
 The first interactions between Rops and RLCKs were discovered by yeast two-
hybrid experiments between AtRop4 and, RBK1 and RBK2 (Rop Binding protein 
Kinases), two RLCK class VI family proteins (Molendijk et al., 2008). Further 
experiments found that members of the Medicago and Arabidopsis RLCK class VI were 
strongly and specifically activated by GTP-bound Rop GTPase in vitro (Dorjgotov et al., 
2009). In the study in Arabidopsis, the interaction was limited to members of RLCK class 
VI group A members while no Rop binding was detected with randomly picked members 
of group B, class IV, VII or IX. However, NRCK, a class VIII RLCK was found to bind 
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AtRop4 and AtRop11, suggesting that the ability of RLCKs to interact with Rops is not 
limited to members of RLCK VI group A. 
 
2.3 Regulation of plant stature 
 Plants show wide-ranging differences in shape and size. An individual species’ 
growth to its characteristic shape and size is the outcome from the integration of various 
endogenous and environmental signals as well as the intrinsic genetic information of the 
plant (Mizukami, 2001; Anastasiou and Lenhard, 2007; Krizek, 2009). An understanding 
of the factors controlling plant stature has important implications in crop production. The 
introduction of dwarf varieties of wheat and rice during the ‘Green Revolution’ resulted 
in plants that were more resistant to lodging, dramatically improving crop yield (Khush, 
2001; Hedden, 2003).  
 In plants, growth can be divided into two phases. In the proliferative phase, cell 
numbers increase through mitotic cycling, and growth, characterized by an increase in 
plant mass, occurs to a small extent. In the second, post-mitotic phase, growth occurs as a 
result of cell expansion, caused by water entering the vacuoles, and requires modification 
of plant cell walls (Ingram and Waites, 2006). Cell division and cell expansion usually 
co-occur to maintain cell size homeostasis (Green, 1976). The regulation of plant stature 
and organ size is poorly understood but should involve complex temporal and spatial 
coordination of cell expansion and cell cycle activity (Beemster et al., 2005). In 
Arabidopsis leaves, the proliferation, expansion and maturation stages follow one after 
another in a chronological manner (Beemster et al., 2005; Skirycz et al., 2010). After 
emerging from the shoot apical meristem, the leaf primordium undergoes a period of cell 
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proliferation. This is then followed by a period of cell expansion that occurs in the leaf in 
a distal-proximal manner (Donnelly et al., 1999). 
  In plants, the apical meristems are responsible for the growth of almost the entire 
plant post-embryogenesis, with the shoot apical meristem (SAM) giving rise to the 
above-ground parts and the root apical meristem (RAM) giving the below-ground 
structures. Stem cells of the apical meristems continuously expand, divide and 
differentiate to give rise to the various plant organs but the number of stem cells in 
meristems remains remarkably constant (Laufs et al., 1998). Factors that affect meristem 
size, cell proliferation and expansion therefore have the ability to influence plant stature.  
  
2.3.1 Factors affecting plant stature 
2.3.1.1 Transcription factors and other regulators 
 One of the best known promoters of plant growth is the APETALA2 (AP2)-
domain protein, AINTEGUMENTA (ANT). ANT is a transcription factor and has been 
shown to localize to the nucleus. It is capable of binding specific DNA sequences and 
activating transcription through its N-terminal domain (Krizek and Sulli, 2006). ant 
mutants exhibit reduced organ size while ANT over-expression has been shown to 
dramatically increase leaf and floral organ size by an increase in cell proliferation 
(Krizek, 1999; Mizukami and Fischer, 2000) . It has been further suggested that ANT is 
able to prolong the meristematic capacity of cells during organ growth and differentiation 
(Busov et al., 2008).  
 JAGGED (JAG) and NUBBIN (NUB) are C2H2 zinc-finger proteins that promote 
organ growth by regulating transcription. jag mutants have organs with serrated margins, 
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narrow floral organs and smaller petals due to the premature arrest of cell proliferation. 
nub mutants have no visible defect but in combination with jag, the jag nub double 
mutant shows reduced leaf size and malformation of stamens and carpels due to deficient 
growth. Over-expression of JAG, on the other hand results in the formation of ectopic 
bracts and leaf lamina tissue on petioles while NUB over-expression similarly causes 
tissue overgrowth (Dinneny et al., 2004; Ohno et al., 2004; Dinneny et al., 2006).  
 ARGOS (Auxin-Regulated Gene involved in Organ Size) is induced by auxin and 
promotes growth by controlling cell number and the duration of organ growth (Hu et al., 
2003). Over- and under-expression of ARGOS show enlarged and reduced aerial organs, 
respectively. Ectopic expression of ARGOS prolongs the expression of ANT and 
CyclinD3;1. Moreover, organ enlargement in plants over-expressing ARGOS can be 
blocked by the loss of function of ANT, implying that ARGOS functions upstream of ANT 
to affect the meristematic competence of organ cells. ARGOS-LIKE (AGL) a gene with 
some sequence homology to ARGOS promotes organ growth in response to BR (Hu et al., 
2006). Reduced or over-expression of ARL in Arabidopsis results in smaller or larger 
cotyledons and leaves as well as other lateral organs, respectively, that can be attributed 
to changes in cell size rather than cell number. 
 The KLUH (KLU) gene, encoding a cytochrome P450 monooxygenase CYP78A5 
is another promoter of organ growth (Anastasiou et al., 2007). klu mutants have reduced 
leaf and flower size due to reduced cell numbers. The growth rate of klu mutants was 
found to be similar to wild type but cells in the mutant primordia stopped proliferating 
and entered post-mitotic expansion earlier. Hence, KLU stimulates plant growth by 
preventing premature arrest of the proliferative phase. It was also found that KLU was 
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expressed outside the region of proliferation and that KLU over-expression in petals 
could also increase sepal size. Transcriptional responses to KLU were found to be distinct 
from phytohormone-regulated genes, and double mutants of klu and other known genes 
involved in cell proliferation did not suggest any interaction. KLU is therefore likely 
involved in the generation of a mobile growth signal distinct from phytohormones and 
controls organ size through a separate, novel pathway.  
 In contrast to KLU, the BIG BROTHER (BB) gene, encoding an E3 ubiquitin 
ligase, restricts plant organ growth by limiting the duration of cell proliferation in 
Arabidopsis (Disch et al., 2006). Small changes in BB expression levels substantially 
alter organ size, indicating a central regulatory role for BB in growth control. PEAPOD1 
(PPD1) and PPD2, which encode plant-specific putative DNA-binding proteins are also 
repressors of growth (White, 2006). Deletion of both genes caused excess lamina growth 
resulting in altered shapes of leaves and siliques. The excess lamina growth was due to a 
prolonged phase of dispersed meristematic cell (DMC) proliferation. Over-expression of 
PPD1 and PPD2 reduces lamina size by promoting the early arrest of DMC proliferation 
during leaf and silique development. Another growth repressor, DA1, a protein with 
ubiquitin receptor activity plays a major role in setting final sizes of seeds and organs 
also through the restriction of the duration of proliferative growth. DA1 is induced by 
ABA and its expression pattern was found to be consistent with its role in controlling the 
period of cell proliferation (Li et al., 2008). A summary of the genes discussed above, 
which affect plant and organ stature, is provided in Table 1. 
 31 
Table 1. Genes affecting plant stature 
Gene name Effect on growth Mechanism Reference 
ANT Promoter 
Prolongs the meristematic capacity of 





Krizek and Sulli, 
2006) 
JAG Promoter 
Promotes cell proliferation and 
suppresses the premature 
differentiation of tissues. 
(Dinneny et al., 
2004; Ohno et al., 
2004) 
NUB Promoter Promotes cell proliferation. 
(Dinneny et al., 
2006) 
ARGOS Promoter 
Affects meristematic competence of 
organ cells. 
(Hu et al., 2003) 
ARL Promoter 
Promotes cell expansion in response to 
BR. 
(Hu et al., 2006) 
KLU Promoter 
Prevents premature arrest of cell 
proliferative phase. 
(Anastasiou et al., 
2007) 
BB Repressor  Limits the duration of cell proliferation 
(Disch et al., 
2006) 
PPD1 Repressor Controls DMC proliferation. (White, 2006) 
PPD2 Repressor Controls DMC proliferation. (White, 2006) 
DA1 Repressor 
Restricts the duration of proliferative 
growth. 
(Li et al., 2008) 
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2.3.1.2 Hormones 
 The influence of BR, auxin and ABA on organ size were briefly highlighted 
through their downstream targets in the section above. The roles of these phytohormones, 
and those of GA and cytokinin in regulating plant stature will be discussed in greater 
detail in the following sections.  
 
2.3.1.2.1 Auxin 
The phytohormone auxin affects all aspects of plant development (Teale et al., 
2006). Auxin strongly induces the expression of a group of genes called the auxin/indole 
acetic acid (Aux/IAA) genes (Abel and Theologis, 1996). There are 29 Aux/IAA genes in 
Arabidopsis and mutations have been discovered in 10 of them, some of which affect 
seedling size (Liscum and Reed, 2002). The mutants iaa3, iaa6, iaa7 and iaa17 show a 
reduction in hypocotyl length while iaa18 has a longer hypocotyl (Timpte et al., 1994; 
Kim et al., 1996; Rouse et al., 1998; Tian and Reed, 1999; Nagpal et al., 2000; Reed, 
2001; Tian et al., 2002). Another group of auxin regulated genes, the auxin response 
factors (ARFs), consisting of 23 members, can function as activators or repressors of 
transcription (Ulmasov et al., 1999). They bind to DNA as homo- or heterodimers with 
other ARFs or Aux/IAA proteins to regulate transcription (Liscum and Reed, 2002). 
Over-expression of ARF19 results in a dwarf phenotype and the arf7 arf19 double mutant 





 The impact of GA on plant stature is immense. The discovery of the Rht allele of 
wheat, a dominant gain-of-function mutation of DELLA; and the semidwarf (sd1) allele 
of rice, a loss-of-function mutation of the GA biosynthetic gene, GA20ox were the basis 
for the success of the ‘Green Revolution’ (Monna et al., 2002; Spielmeyer et al., 2002; 
Hedden, 2003). During the ‘revolution’ that began in the 1960s, worldwide yields of 
wheat and rice were increased tremendously as farmers adopted improved cultivation 
methods, and farmed dwarf cultivars that were more resistant to wind and rain.  
 Loss-of-function of the GA biosynthesis genes GA20ox and GA3ox or over-
expression of the GA catabolic gene, GA2ox results in a dwarf phenotype in many plant 
species while GA over-production mutants have very long and narrow stems due to 
extreme elongation. In terms of GA signal transduction, loss-of-function of SLY, an F 
box protein, now known to be involved in the degradation of DELLA proteins also 
results in a dwarf phenotype due to the constitutive activity of DELLAs (Dill et al., 
2004). Similarly, gain-of-function mutations in GAI, RGA and RGL1, which prevents 
their degradation by the ubiquitin/26S proteasome machinery, also results in dwarf or 
semi-dwarf phenotypes (Peng et al., 1997; Dill and Sun, 2001; Wen and Chang, 2002). 
SPY, a protein with similarity to OGTs in animals and believed to be a negative regulator 
of GA signaling, causes a dwarf phenotype when constitutively over-expressed (Jacobsen 
et al., 1996; Swain et al., 2001).  
GA has been shown to modulate growth by promoting cell elongation in 
hypocotyls (Cowling and Harberd, 1999), stamens (Cheng et al., 2004), stems (Yang et 
al., 1996) and roots (Ubeda-Tomas et al., 2008). Recently, a novel function of DELLAs 
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in restraining cell production was discovered (Achard et al., 2009). It was found that GA 
regulates cell proliferation by the removal of DELLA proteins from meristem cells 
(Ubeda-Tomas et al., 2009). It was further established that GA controls cell cycle activity 
in the root meristem by modulating mRNA levels of several cell cycle inhibitors via a 
DELLA-dependent mechanism. These reports demonstrate that GA promotes growth 
through regulation of both cell expansion and division, by nullifying the negative effects 
of the DELLA repressors to enhance cell cycle activity. 
 
2.3.1.2.3 Brassinosteroid 
BRs are a class of phytohormones that have profound effects on plant size and 
architecture. BRs are involved in many aspects of growth and development including cell 
expansion and division, reproductive and pollen development, senescence and stress 
responses (Clouse and Sasse, 1998). BR biosynthetic mutants such as deetiolated2 (det2), 
diminuto/dwarf1 (dim/dwf1), dwf4, dwf5, cyp90 and cyp90c1 cyp90d1 are dwarf with 
small, round and dark green leaves (Fujioka et al., 1997; Choe et al., 1998; Klahre et al., 
1998; Choe et al., 2000; Ohnishi et al., 2006). BR-insensitive mutants, with defects in BR 
signaling or perception such as brassinosteroid-insensitive1 (bri1) and BR-insensitive 2 
(bin2) also exhibit the characteristic BR-deficient phenotype of the BR biosynthetic 
mutants but could not be rescued by exogenous BR (Clouse et al., 1996; Li et al., 2001). 
The dwarfism of these mutants was later established to be due to reduced cell 





 Cytokinins were originally discovered as cell division promoting factors in 
tobacco tissue culture (Miller et al., 1955). Later, they were found to be involved in 
multiple developmental processes including shoot growth, leaf senescence, seed size, 
germination, root development and circadian rhythms (Riefler et al., 2006); (Hanano et 
al., 2006). Cytokinins are important regulatory factors of plant meristem activity and 
morphogenesis, with opposing roles in shoots and roots. In tobacco, it was discovered 
that cytokinin-deficient plants developed stunted shoots with smaller apical meristems. 
The plastochrone was prolonged, and leaf cell production was only 3 to 4% of that in 
wild type. In contrast, root meristems of the same plants were enlarged and gave rise to 
faster growing and more branched roots (Werner et al., 2001).  
 In cytokinin-deficient Arabidopsis, reduced leaf expansion due to decreased cell 
numbers, growth retardation in shoot development and enhanced root growth were 
similarly observed (Werner et al., 2003). Retardation
 
of shoot development was 
noticeable soon after germination and formation of new rosette leaves was delayed 
throughout
 
vegetative growth in some transgenic lines. The vegetative SAM had reduced 
height and diameter but was not changed in terms of structure or organization. The 
rosette
 
leaves expanded more slowly than wild-type leaves until they
 
reached their final 
size, and continued to
 
expand significantly after the transition to flowering. The reduced 
size of the SAM together with the retarded leaf
 
formation and reduced cell production in 
the leaves illustrates the role of cytokinins as positive regulators
 
of cell division activity 
in the Arabidopsis shoot, whereas in root development,
 
cytokinins are involved in 
controlling
 
both root growth rate and the generation of new root meristems. 
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2.3.1.3 Cell cycle   
The mitotic cell cycle consists of four sequential and ordered phases: the S phase, 
where DNA synthesis occurs; the M, or mitosis phase; the G2 phase, separating the S 
phase from the subsequent M phase and the G1 phase between M phase and the next S 
phase (Dewitte and Murray, 2003). In eukaryotes, the cell cycle is regulated through the 
activity of the cyclin-dependent kinases (CDKs) whose activity is dependent on its 
binding to the regulatory proteins, cyclins. Cyclin activity is modulated by transcription 
and ubiquitin-mediated degradation of cyclin proteins. Additionally, the activity of CDKs 
can be inhibited through phosphorylation by WEE1 kinase or by CDK inhibitors like the 
Kip-related proteins (KRPs) and members of the SIAMESE (SIM) family, which bind the 
cyclin/CDK complexes.        
Over-expression of CDK inhibitors has been found to produce plants that were 
dwarf and had fewer but larger cells compared to wild type (Wang et al., 2000) whereas 
in another instance, root growth rate was reduced due to a smaller meristem size and the 
inhibition of cell cycle progression (De Veylder et al., 2001). Over-expression of the D-
type cyclin, CycD2 in transgenic tobacco plants resulted in a reduction in the length of 
the cell-cycle G1 phase and faster cell cycling. Plants had normal cell and meristem sizes, 
but elevated overall growth rates, increased rate of leaf initiation and accelerated 
development in all stages from seedling to maturity (Cockcroft et al., 2000). Similarly, 
over-expression of B-type cyclins led to increased root growth rate in Arabidopsis and 
rice (Doerner et al., 1996; Lee et al., 2003).  
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2.3.2 Compensatory mechanisms in size control  
 Cells of an organ communicate to coordinate the growth of the organ. As such, 
changes in the number or size of cells in an organ do not necessary lead to alterations in 
organ size. For example, when cell proliferation in leaves are inhibited, the volume of 
each cell increases, as a result, the decrease in the total area of the leaf blade is smaller 
than expected from the reduction in cell numbers (Horiguchi et al., 2006). Similarly, 
over-expression of the CKI, KRP2 and mutations in the Cdc2a kinase, which result in 
reduced cell number triggered by inhibition of cell cycle activity, are accompanied by an 
increase in cell sizes (Hemerly et al., 1995; De Veylder et al., 2001). Furthermore, in jaw-
D (JAW) mutants, the over-expression of miRNA R319a causes TCP transcripts 
degradation, leading to the formation of larger leaves with more cells, but the effect is 
partially offset by reduced cell size (Palatnik et al., 2003; Efroni et al., 2008). These 
phenomena, known as the ‘compensatory mechanisms’ have been observed in many 
instances, but are not yet fully understood. Likewise, mutants in which changes in cell 
volume lead to compensatory changes in cell numbers have also been found (Tsukaya, 
2003). However, it is important to note that there are also cases where compensation is 
not observed. For example, the ant loss-of-function mutant cause compensation, but over-
expression of ANT only increases the number of leaf cells without resulting in any defect 
in cell size (Mizukami and Fischer, 2000). In short, many questions remain unanswered 





3 Materials and Methods 
3.1 Plant materials and growth conditions 
 For Arabidopsis plants grown on soil, seeds were first stratified on moist filter 
paper for 3 days at 4 
o
C to break seed dormancy and ensure uniform germination. Seeds 
were then transferred to moist potting mix (Tref) in plastic trays and covered to maintain 
high humidity to facilitate germination. Trays were placed in an environmentally-
controlled growth chamber (Sanyo Medicals, Japan) and grown under long-day 
photoperiod conditions at 22 °C in 16 h light/ 8 h dark cycles, with a relative humidity of 
70%. After germination, the covers on the trays were removed and plants were watered 
every 2 to 3 days. 
 For plants grown in sterile conditions, seeds were first surface sterilized by 
washing with 70% ethanol for 1 min, followed by 10% Clorox® with agitation for 20 
min. Seeds were rinse thrice with sterile water after each wash and then sown on 
Murashige and Skoog (MS) medium in Petri plates. The plates were then sealed and 
placed at 4 
o
C for 3 days for stratification before transfer to long-day photoperiod 
conditions. 
 Two different ecotypes of Arabidopsis plants were used in this study, namely the 
Columbia (Col) and Landsberg erecta (Ler). Seeds of plants in the ga1-3 background 
were imbibed in 100 µM GA3 for 7 days at 4 
o
C to break dormancy before use. 
Thereafter, seeds were rinsed thoroughly with water before sowing. 
 To investigate the effect of GA on wild-type and ga1-3 plants grown on soil, 100 
mM GA3 (Sigma) dissolved in ethanol was diluted to 10 µM in water with 0.01% Silwet 
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L-77 as surfactant. The solution was agitated to generate bubbles and applied to 8-day-
old seedlings with a dropper. Mock (ethanol diluted in water), dexamethosone (Dex), 
cycloheximide (Cyc) and Dex plus Cyc treatments of ga1-3 rgl2-1 rga-t2 35S::RGA-GR 
seedlings were carried out similarly at the final concentrations of 10 µM per chemical.  
 For GA treatment of plants grown on MS, seedlings from surfaced sterilized seeds 
that germinated on MS medium were treated with 10 µM GA3 prepared as described 
above, at approximately 8 days after germination and harvested for GUS staining or 
expression analyses at 4 or 8 h after treatment. Mock treatment and treatments with 
paclobutrazol (PAC) and Dex were carried out similar to GA treatment at the final 
concentration of 10 µM. 
 
3.2 RNA expression analyses 
3.2.1 RNA isolation 
 Total RNA was extracted from Arabidopsis tissues using the FavorPrep™ Plant 
Total RNA Mini Kit (Favorgen) following the manufacturer’s instructions. To remove 
contaminating DNA, on column DNase treatment was performed with Nucleospin® 
rDnase set (Macherey-Nagel). 
 
3.2.2 cDNA synthesis 
 RNA was subjected to reverse transcription to produce cDNA using the 
SuperScript™ III First-Strand Synthesis System for RT-PCR (Invitrogen) according to 
the manufacturer’s instructions with slight modifications. The reaction volume was 
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halved and the amount of RNA used in each reaction was adjusted to approximately 2.5 
µg. The RNase H treatment step was omitted. The cDNA obtained was diluted 3 to 5 
times before use.   
 
3.2.3 Semi-quantitative RT-PCR 
 cDNA synthesized as above were amplified with gene-specific primers to 
quantify gene expression levels. The general reaction mix (10 µl) consisted of 1X PCR 
buffer, 0.2 mM dNTPs, 0.2 µM of each primer, 0.25 units of DreamTaq™ Green DNA 
polymerase (Fermentas) and 0.5 µl of diluted template cDNA. The PCR profile consisted 
of an initial denaturation at 94 °C for 5 min and 28-32 cycles of denaturation at 94 °C for 
30 s, primer annealing at the optimized temperature for 30 s and extension at 72 °C for 1 
min followed by a final extension at 72 °C for 10 min. Expression of the β-tubulin gene 
(TUB2) was used as an internal control. PCR products were resolved on a 1% agarose gel 
and visualized by ethidium bromide staining. Primers used for semi-quantitative RT-PCR 
are listed in Table 2.   
 
3.2.4 Quantitative real-time PCR 
 Quantitative real-time PCR was performed with the iQ™ SYBR® Green 
Supermix (Bio-Rad) on the CFX384™ real time system (Bio-Rad) using TUB2 as an 
internal control. The general reaction mix (5 µl) consisted of 2.5 µl of iQ™ SYBR® 
Green Supermix, 0.2 µM of each primer and 0.5 µl of diluted template cDNA, 
synthesized as described above. The PCR profile consisted of an initial denaturation at 95 
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Table 2. List of primers used in this study 
Primers for quantitative real-time PCR 
Gene name Primer sequence 
STU 























Primers for generation of constructs 






















Primers for semi-quantitative RT-PCR 







Primers for ChIP assays  




























Primers for in situ probe synthesis 
Primer name Primer sequence 
STU in situ 
5’-GTCATCGCTGGATCGGTACT-3’ 
5’-GACTATATTCCCTCTGTGGAT-3’ 
Primers for PCR screening 




STU genomic F 5’-ACGTGGAGGATAATGACTCTGTGT-3’ 
STU genomic R 5’-GCCTCCCATGCCAATTGTTCA-3’ 
GUS-103 5’-ATCGTTAAAACTGCCTGGCAC-3’ 
Primers for genotyping 
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Primer name Primer sequence 























°C for 3 min, 40 cycles of denaturation at 95 °C for 10 s, and primer annealing and 
extension at 60 °C for 30 s. The PCR was followed by a melting curve at 65 °C to 95 °C 
for 5 s, with 0.5 °C increments to determine primer specificity. The difference between 
the cycle threshold (Ct) of the target gene and the Ct of TUB2 (∆Ct = Cttarget gene-Cttubulin) 
was used to obtain the normalized expression of target genes, which corresponds to 2
-∆Ct
. 
Primers used for quantitative real-time PCR are listed in Table 2.   
 
3.3 Chromatin immunoprecipitation  
3.3.1  Nuclear fixation  
 Seedlings of 8-day-old ga1-3 gai-t6 rgl1-1 rgl2-1 rga-t2 35S:RGA-6HA were 
fixed in MC buffer (10 mM potassium phosphate pH 7, 50 mM NaCl, 0.1 M sucrose) 
with 1% formaldehyde and subjected to vacuum infiltration for 1 h. Glycine was  added 
to a final concentration of 0.15 M and the resulting suspension was stirred at 4 °C for 20 
min. Plant materials were then washed twice by stirring with fresh MC buffer at 4 °C for 
20 min. The fixed materials were drained of buffer and either stored at -80 °C or 
homogenized immediately. 
 
3.3.2  Homogenization of plant tissues 
 Plant tissues were pulverized with liquid nitrogen using a mortar and pestle. M1 
buffer (10 mM potassium phosphate, pH 7.0, 0.1 M NaCl, 10 mM beta-mercaptoethanol, 
1 M 2-methyl 2, 4-pentanediol, 1 mM PMSF) was added to form a thick slurry. The 
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slurry was centrifuged at 14000 rpm for 10 min at 4 ºC. The supernatant was discarded, 
and the pellet was resuspended in M2 buffer (10 mM potassium phosphate, pH 7.0, 0.1 M 
NaCl, 10 mM beta-mercaptoethanol, 1 M 2-methyl 2, 4-pentanediol, 10 mM MgCl2, 
0.5% Triton® X-100) and centrifuged as above. The process was repeated for three times 
with M2 buffer followed by twice with M3 buffer (10 mM potassium phosphate, pH 7.0, 
0.1M NaCl, 10 mM beta-mercaptoethanol). 
 
3.3.3  Sonication of chromatin 
 The washed extract was suspended in 0.5 ml of sonication buffer (10 mM 
potassium phosphate, pH 7.0, 0.1 mM NaCl, 0.5% sarkosyl, 10 mM EDTA), placed on 
ice and subjected to three pulses of continuous sonic waves using the ultrasonic processor 
(Vibra Cell™) at an amplitude of 20, with each pulse lasting for 4 min. The sonicated 
sample was centrifuged at 14000 rpm for 5 min at 4 ºC and the supernatant was 
transferred to a new 1.5 ml microfuge tube.  
 
3.3.4  Immunoprecipitation 
 The supernatant containing the solubilized chromatin was incubated with anti-HA 
agarose (Sigma) on a rotator at 4 ºC for 1 h. The sample was then centrifuged at 3000 




3.3.5  Elution of immunoprecipitated proteins 
 The agarose beads were washed thrice with 0.5 ml of IP buffer ( 50 mM Hepes 
pH 7.5, 150 mM KCl, 5 mM MgCl2, 10 µM ZnSO4, 1% Triton X-100, 0.05% SDS). 
Elution buffer (50 mM Tris pH 8, 1% SDS, 10 mM EDTA) was added and the sample 
was vortexed, and then incubated at 65 ºC for 20 min. The sample was then centrifuged at 
14000 rpm and the supernatant was recovered. The process of elution was repeated twice 
to recover more proteins. 
 
3.3.6 DNA recovery and analysis 
The eluate was incubated with 1 µl of 1 mg/ml RNase A at 37 ºC for 30 min. 
Proteinase K was then added to a final concentration of 0.5 mg/ml and incubated at 37 ºC 
for 3 h. The same amount of proteinase K was again added and incubated at 65 ºC 
overnight. The sample was then cooled to room temperature and DNA was purified using 
the Gel/PCR DNA Fragments Extraction Kit (Geneaid) according to the manufacturer’s 
recommendations. The purified DNA samples were used for enrichment tests by 
quantitative real-time PCR. Relative fold enrichment was calculated by normalizing the 
amount of a target DNA fragment against that of a genomic fragment of the internal 
control, ACTIN, and then by normalizing the value from immunoprecipitated DNA 
against non-immunoprecipitated (input) DNA. The enrichment of a TUB2 genomic 




3.4 Molecular cloning 
3.4.1 PCR amplification 
 To generate the respective constructs by molecular cloning, the relevant DNA 
fragments were amplified from cDNA or genomic DNA using primers specific for 5’ and 
3’ ends of the DNA regions of interest. Restriction sites were incorporated into the 
primers during primer design where necessary. PCR was performed with Pfu Turbo® 
DNA polymerase (Stratagene). The general PCR mixture (50 µl) consisted of 1X PCR 
buffer, 0.2 mM dNTPs, 0.2 µM each of forward and reverse primers, 50-100 ng of DNA 
template and 1 unit of Pfu Turbo® DNA polymerase mix. The PCR program was set with 
an initial denaturation at 94 °C for 5 min and 40 cycles of denaturation at 94 °C for 30 s, 
primer annealing at the optimized temperature for 30 s and extension at 72 °C for 1-5 min 
depending on product size, followed by a final extension at 72 °C for 10 min. Primers 
used are listed in Table 2. Amplified DNA fragments were separated by electrophoresis 
and visualized as described earlier. PCR products of the expected size were excised from 
the agarose gel and purified using the Gel/PCR DNA Fragments Extraction Kit (Geneaid) 
according to the manufacturer’s recommendations. Details of the constructs produced are 
illustrated in Figure 4. 
 
3.4.2 Restriction digestion 
 Purified DNA fragments and the appropriate plasmids were digested with the 






Figure 4. Schematic diagram of constructs used in study.  
(A) 35S:RGA-6HA. (B) 35S:STU. (C) 35S:GFP-STU. (D) pSTU:GUS (E) pSTU:gSTU-
6HA. (F) amiR-stu. Restriction sites used for cloning are shown at both ends of the inserts 
(dark blue) and name of original vector is shown on extreme right. nos: nopaline 
synthase; LB: left border; pro: promoter; RB: right border; ter: terminator; Bar: bialaphos 




buffer, 1X BSA, 5 units of each restriction enzyme and approximately 2 µg of DNA. 
After digestion, reaction mixtures were purified with Gel/PCR DNA Fragments 
Extraction Kit (Geneaid) according to the manufacturer’s recommendations. The 
plasmids and restriction enzymes used are summarized in Figure 4. Except for yeast-two 
hybrid assays, all plasmids used in this study are modified pGreen vectors. Besides the 
multiple cloning sites and the E.coli origin of replication common to most vectors, all the 
pGreen vectors used in this study contain the NptI gene, pSa replication origin and the 
bar gene. The NptI gene provides kanamycin-resistance selection for bacterial plasmid 
transformation in both E.coli and Agrobacterium while the pSa replication origin allows 
plasmid replication in Agrobacterium. The bialaphos/ phosphinothricin resistance (bar) 




 The digested DNA fragments and their respective vectors were ligated to generate 
recombinant vectors. Ligation was carried out at 16 °C for 16 h in a 10 µl reaction 
mixture containing 1X ligation buffer, 3 units of T4 DNA ligase (New England Biolabs) 
and the digested plasmids and PCR fragments.  
 
3.4.4 Transformation of competent E.coli  
 Ligation mixture was added to 100 µl of E.coli DH5α competent cells, incubated 
on ice for 30 min and subjected to heat shock at 42 °C for 90 s. The mixture was then 
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immediately replaced on ice for 2 min and subsequently incubated in 1 ml LB broth at 37 
°C for 1 h with shaking. Bacterial cells were then pelleted by centrifugation at 6000 
r.p.m. for 3 min. The pellet was resuspended in approximately 100 µl LB broth and 
spread onto LB agar medium containing the appropriate antibiotics. The plate was then 
placed in a 37 °C incubator for 16 h to allow for the growth of bacterial colonies. 
 
3.4.5 PCR screening for putative colonies 
 Several of the colonies that survived antibiotic selection on the LB agar medium 
were separately suspended in 5 µl water and used as template for PCR screening. The 
PCR reaction mixture (10 µl) was similar to section 3.2.3, but with 0.5 µl of bacterial 
suspension as template. The PCR program was set with an initial denaturation at 94 °C 
for 5 min and 35 cycles of denaturation at 94 °C for 30 s, primer annealing at the 
appropriate temperature for 30 s, extension at 72 °C for 1-5 min depending on product 
length, followed by a final extension at 72 °C for 10min. PCR products were resolved on 
a 1% agarose gel and visualized as previously described. A vector-specific and a gene-
specific primer is commonly used to confirm the presence of the recombinant construct. 
Vector-specific primers on pGreen vectors include 35Spro, PG-P1, PG-P2 and GUS-103. 
Sequences of primers used for PCR screening are listed in Table 2. 
 
3.4.6 Plasmid DNA extraction 
 Colonies that gave PCR products of the expected sizes were cultured overnight at 
37 °C with shaking, in 3 ml of LB broth supplemented with the appropriate antibiotics. 
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Plasmids were then purified from the bacteria suspension using the QIAprep Spin 
Miniprep Kit (Qiagen) according to the manufacturer’s recommendations. DNA 
concentrations of the purified plasmids were quantified using the Nanodrop® ND-1000 
spectrophotometer (Nanodrop). 
 
3.4.7 DNA sequencing and analysis 
 The nucleotide sequences of the recombinant constructs were verified by 
sequencing before further use. Cycle sequencing was carried out by amplification with 
ABI PRISM™ BigDye™ Terminator Cycle Sequencing Ready Reaction Kit (Applied 
Biosystems) on a thermo cycler. The reaction mixture (5 µl) consisted of 1X Big Dye 
mix, 0.2 µM of primer and 100-150 ng of plasmid DNA as template. Cycling conditions 
were 25 cycles of denaturation at 96 °C for 10 s, primer annealing at 50 °C for 5 s and 
extension at 60 °C for 1 min 15 s. The amplified products were precipitated and washed 
with 75% isopropanol. The DNA pellet was air-dried and sent to the DNA sequencing 
facility, at Department of Biological Sciences, NUS. The sequencing reaction was carried 
out in the ABI PRISM™ 377 DNA Sequencer (Applied Biosystems). Sequence identities 
were checked against published sequences at the website of National Centre for 
Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov) using the BLAST 
algorithm, to ensure no non-conserved mutations.  
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3.4.8 Molecular cloning of artificial microRNA construct 
The protocol for the generation of the artificial microRNA (amiR) construct was 
different from that of conventional constructs and is described separately here. The amiR 
construct, amiR-stu was created to knock down STU expression in wild-type plants. The 
amiR and the primers for its generation were designed according to the published 
protocol on the website (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) (Schwab et 
al., 2006) using the miR319a precursor-containing plasmid pRS300 as a template. The 
mature miRNA sequence designed by the software was 
TTATCGTGTATCGACAAGGCT. A series of PCR reactions were carried out to 
generate the miRNA and to incorporate restriction enzyme cutting sites into the final 
PCR product following the protocols on the website above. Primers used in the 
construction of amiR-stu are listed in Table 2. The final PCR product was then cloned 
into the pGreen 35S vector following the procedures from section 3.4.2 to 3.4.7 for over-
expression of the amiR in Arabidopsis plants. The restriction sites used are shown in 
Figure 4. 
 
3.5 Generation of transgenic plants 
3.5.1 Transformation of competent Agrobacterium  
 Approximately 20 ng of plasmid was mixed with 100 µl of electroporation-
competent Agrobacterium tumefaciens cells of strain GV3101 in a pre-chilled 0.4 cm 
Gene Pulser

 cuvette (Bio-Rad) and the mixture subjected to electroporation at 2.5 kV in 
Electroporator 2510 (Eppendorf). The mixture was transferred to 1 ml LB broth and 
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cultured for 4 h with shaking at 28 °C. Bacteria culture was subsequently pelleted, 
resuspended and plated onto LB agar medium containing 25 µg/ml gentamycin, 10 µg/ml 
tetracycline, 50 µg/ml kanamycin and 50 µg/ml rifampycin. The plate was incubated at 
28 °C for 48 h to allow growth of bacteria colonies. Agrobacterium colonies that 
contained recombinant plasmids were detected by PCR screening as described in section 
3.4.5. 
 
3.5.2 Floral dipping 
 Agrobacterium-mediated transformation of Arabidopsis was carried out according 
to the previously published protocol with slight modifications (Clough and Bent, 1998). 
Agrobacterium carrying the appropriate plasmid was grown in liquid culture (200 ml) at 
28 °C in LB broth containing 25 µg/ml gentamycin, 10 µg/ml tetracycline, 50 µg/ml 
kanamycin and 50 µg/ml rifampycin to a final OD600 of approximately 0.8. The bacterial 
suspension was pelleted by centrifugation at 4000 r.p.m. for 20 min at room temperature 
and resuspended in an inoculation medium containing 5% sucrose and 0.015% Silwet L-
77. Arabidopsis inflorescences were inverted into the inoculation medium such that all 
floral buds were submerged, and gently agitated for 5 to 10 s. Plants were then covered in 
a plastic dome and kept in the dark overnight before being transferred back to the usual 
growth conditions. For higher rates of transformation, the floral dip process could be 
repeated once or twice at seven-day intervals. 
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3.5.3 Selection of transgenic plants 
 Seeds of the transformed plants were harvested approximately 4 weeks after floral 
dipping. Seeds were grown under long-day photoperiod conditions as described in section 
3.1. At the 2-rosette-leaf stage, the putative transgenic plants were sprayed with 300 mg/l 
of the herbicide, Basta® (Bayer). Plants transformed with pGreen constructs contain the 
bar gene and are resistant to Basta®. Plants not harboring the transgene wither and die 
within two weeks of herbicide application while transgenic plants grow to maturity and 
can be used for further analysis. 
 
3.6 Verification of the genotype of transgenic plants or mutants 
3.6.1 Genomic DNA extraction 
 Plant tissues were placed in a 1.5 ml microfuge tube with 200 µl of extraction 
buffer (0.2 M Tris-HCl pH 9, 0.4 M LiCl, 25 mM EDTA, 1% SDS) and homogenized 
using the Retsch® MM301 Ball Mill (RETSCH). The mixture was centrifuged at 14000 
r.p.m. for 5 min. The supernatant was recovered and mixed with an equal volume of 
isopropanol. The sample was centrifuged at 14000 r.p.m. for 10 min to collect the 
precipitated DNA. The supernatant was discarded and the DNA pellet was washed with 
500 µl of 70% ethanol. After another centrifugation at 14000 r.p.m. for 5 min, the 
supernatant was discarded and the pellet was dried and subsequently dissolved in 




 Genotyping is carried out by PCR using primers that can distinguish transgenic 
plants from wild type. For the genotyping of pGreen vector-containing transgenic plants, 
a vector-specific primer and a gene-specific primer was typically used, similar to in 
section 3.4.5. For the genotyping of SALK T-DNA insertion lines, two sets of PCR were 
carried out. In the 1
st
 reaction, a primer that anneals to the left border of the T-DNA, T-
DNA Lba1 and a gene-specific primer were used. In the 2
nd
 PCR, primers specific to the 
gene of interest that flank the T-DNA insertion site were used. As the T-DNA is 
approximately 4.5 kb, this 2nd reaction should not generate any PCR products under 
typical PCR conditions, if T-DNA is present on both chromosomes. Wild-type genomic 
DNA is used as control to verify successful PCR. The primers used for genotyping are 
listed in Table 2. 
 
3.7 Non-radioactive in situ hybridization 
3.7.1 Fixation, dehydration and embedding of tissues 
Non-radioactive in situ hybridization was carried out according to published 
protocols (Long and Barton, 1998; Yu et al., 2004). Fixative (4% w/v paraformaldehyde 
in 1X PBS) was prepared as described below: required volume of 1X PBS was 
autoclaved for 60 min and adjusted to pH 11 with NaOH. Paraformaldehyde was then 
added after heating the PBS to 60 to 70 °C. The solution was then cooled to 4 °C on ice, 
and adjusted to pH 7 with H2SO4. Arabidopsis tissue was collected and immediately 
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immersed in ice-cold fixative. Vacuum was applied until samples started to sink. Samples 
were then immersed in fresh fixative and gently agitated overnight at 4 °C.   
The fixed samples were then washed and dehydrated at 4 °C with shaking as 
follows: 1X PBS for 30 min (twice), 30% ethanol for 60 min, 40% ethanol for 60 min, 
50% ethanol for 60 min, 60% ethanol for 60 min, 70% ethanol for 60 min, 85% ethanol 
for 60 min, 95% ethanol plus eosin overnight. Dehydrated samples were gradually 
transferred to embedding medium at room temperature with shaking: 100% ethanol plus 
eosin for 30 min (twice), 100% ethanol plus eosin for 60 min (twice), 25% 
Histoclear/75% ethanol for 60 min, 50% Histoclear/50% ethanol for 60 min, 75% 
Histoclear/25% ethanol for 60 min, 100% Histoclear for 60 min (twice), 100% Histoclear 
+  ¼ volume paraplast chips overnight (no shaking). Samples were moved to 42 °C until 
paraplast chips were completely melted and another ¼ volume of chips were added until 
completely melted, samples were then moved to 55 °C for several hours. The 
wax/Histoclear mixture was replaced with freshly melted wax and the mixture incubated 
at 55 °C overnight. For the subsequent 3 days, wax changes were repeated twice daily, 
separated by several hours in between. Final embedded samples were poured in moulds 
and allowed to set at room temperature. The samples were stored at 4 °C until they were 
ready for sectioning. 
 
3.7.2 Sectioning 
 Paraffin-embedded samples were cut into 8 µm thick sections using a microtome 
and transferred onto pre-cleaned and charged slides (Fisher Scientific) by floating the 
ribbons of tissue on water on the slides. After the ribbon flattened out, the water was 
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drained off and slides were allowed to incubate on a 42 °C slide warmer overnight to 
allow the tissues to adhere to the slides.  
 
3.7.3 Probe synthesis 
3.7.3.1 In vitro transcription 
Before probe synthesis, the region of STU to be used as the probe was amplified 
from cDNA by PCR and ligated into the pGEM®-T easy vector (Promega). The region 
of STU cDNA was carefully chosen such that there was low similarity to other 
Arabidopsis genes, to ensure that the probe generated targets STU transcripts specifically. 
The orientation of the DNA region that was ligated into the vector was noted following 
sequencing. Plasmids were linearized by restriction digestion, to leave a blunt or 5’ 
overhang for generating anti-sense “run-off” transcripts. Complete digestion was checked 
by resolving the DNA on an agarose gel. Digested DNA was recovered by the Gel/PCR 
DNA Fragments Extraction Kit (Geneaid) according to the manufacturer’s 
recommendations and eluted with RNase free water. 
RNA probes were generated by in vitro transcription using the linearized plasmids 
as templates. Transcription reactions (10 µl) containing 1X  Transcription buffer, 1X DIG 
labeling mix (Roche), 10 units RNase inhibitor (Roche), 20 units T7 or SP6 RNA 
polymerase (Roche), 500 ng template DNA and RNase free water were prepared. 
Transcription was carried out by incubating the reaction mixture at 37 °C for 2 h. 
Template DNA was removed by adding 10 units of RNase-free DNase (Roche) and the 
reaction mixture was incubated at 37 °C for 30 min. The RNA probe produced was 
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checked by resolving on 1% agarose gel at 100 V for 15 min. Primers used for in situ 
probe synthesis are listed in Table 2.  
 
3.7.3.2 Carbonate hydrolysis 
 Probes were hydrolyzed into pieces between 75 and 150 bp long. The formula 
used to calculate the hydrolysis time was as follows: Time (min) = (Li - Lf) / (K × Li × 





. The transcription reaction from the previous section was topped 
up to 100 µl with RNase free water and an equal volume of sodium carbonate buffer (80 
mM NaHCO3 and 120 mM Na2CO3) was added. The mixture was incubated at 60 °C for 
the calculated time. After hydrolysis, the reaction was neutralized with 5 µl of 10% acetic 
acid, and precipitated at -20 °C for 1 h with 1/10 volume of 3 M NaAc (pH 5.2), 2.5 
volumes of ethanol, and 2 µl of 10 µg tRNA. Precipitated RNA was pelleted by 
centrifugation at 14000 r.p.m,, 4 °C, for 20 min. The pellet was rinsed with 70% ethanol 
and resuspended in 50% formamide. The final concentration of probe used for 
hybridization was approximately 0.5 ng/µl/kb.  
 
3.7.4 Pre-treatment of in situ sections  
All solutions and glassware were made RNase-free by autoclaving for 60 min 
while plastic containers were soaked in 0.1 M NaOH overnight. Tissue sections were 
placed into glass troughs and washed with gentle shaking at room temperature as below, 
unless otherwise stated: 10 min Histoclear (twice), 1 min 100% ethanol (twice), 1 min 
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95% ethanol, 1 min 90% ethanol, 1 min 80% ethanol, 1 min 60% ethanol, 1 min 30% 
ethanol, 1 min water, 20 min 2X SSC, 30 min proteinase K (1 µg/ml) in 100 mM Tris 50 
mM EDTA pH 8 at 37 °C, 2 min 2 mg/ml glycine in 1X PBS, 2 min 1X PBS (twice), 10 
min 4% (w/v) paraformaldehyde in PBS pH 7 (freshly made), 5 min 1X PBS (twice), 10 
min 0.1 M triethanolamine (freshly made to pH 8) and acetic anhydride, 5 min 1X PBS 
(twice), followed by 30 s washes in 30%, 60%, 80%, 90%, 95% and 100% (twice) 
ethanol. 
 
3.7.5 In situ hybridization 
Slides were air dried on clean paper towels. Hybe solution sufficient for 3 slide 
pairs was made as follows: 100 µl of 10X in situ salts, 400 µl deionized formamide, 200 
µl 50% dextran sulfate, 20 µl 50X Denhardts solution, 10 µl tRNA (10 mg/ml), 70 µl 
RNase free water. Before applying to the slides, 240 µl of Hybe solution was added to 60 
µl of denatured probe (from 3.7.3.2) to make a final volume of 300 µl. The mixture was 
mixed vigorously and centrifuged to remove bubbles. The Hybe/probe mixture (300 µl) 
was applied to each pair of slides. Slides were sandwiched together with the tissues 
facing inwards, and incubated at 55 °C overnight in a plastic container at high humidity.  
 
3.7.6 Post-hybridization 
Each pair of slides was dipped into pre-warmed 0.2X SSC to separate them, then 
rinsed and replaced in glass trough. Slides were then washed with gentle agitation at 
room temperature, unless otherwise stated, as follows: 0.2X SSC at 55 °C  for 60 min, 
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thrice; followed by 0.2X SSC at 55 °C for 30 min; 1X PBS, for 5 min; freshly made 1% 
Boehringer block in 100 mM Tris pH 7.5, 150 mM NaCl for 45 min; 1% BSA in 100 mM 
Tris pH 7.5, 150 mM NaCl and 0.3% Triton X-100 for 45 min. Slide pairs were then 
sandwiched together with tissues facing inwards and dipped into an antibody solution of 
anti-DIG antibody (Roche), diluted 500 times in BSA/Tris/NaCl/Triton solution. The 
solution was pulled up by capillary action, drained on paper towels, and then pulled up 
again. Slides were placed in a clean container and incubated at room temperature for 2 h 
at high humidity.  
After incubation, slides were drained on paper towels, separated, and then washed 
for 15 min with BSA/Tris/NaCl/Triton solution with gentle shaking for four times at 
room temperature, followed by a 10 min wash in a solution of 100mM Tris, pH 9.5, 100 
mM NaCl and 50 mM MgCl2. Each slide pair was dipped into the Tris 
pH9.5/NaCl/MgCl2 solution to ensure that all traces of detergent was washed off. A Tris-
NaCl-PVA stock solution was prepared by dissolving 10% (w/v) polyvinyl alcohol 
(PVA) in Tris pH9.5/NaCl/MgCl2 solution, heat shocked with microwave for several 
times, mixed vigorously, then cooled down at room temperature. The substrate solution 
was made by adding 200 µl of NBT/BCIP stock solution (Roche) to 10 ml of 
Tris/NaCl/PVA stock solution (sufficient for 30 slide pairs), then mixed vigorously and 
allowed to sit in the dark for a while to remove any bubbles. Each pair of slides was 
applied with 300 µl of substrate solution and sandwiched, then incubated in a clean 
plastic container in the dark, at high humidity, overnight.  
 Slides were drained, separated, and rinsed with tap water for three times to stop 
the reaction. Slides were then dehydrated in 70% ethanol followed by twice in 100% 
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ethanol, at 10 s each wash and then air dried. The dried slides were mounted with 50% 
glycerol and observed under a light microscope for signals. 
 
3.8 Genetic crossing  
 Plants to be used for the genetic crosses were grown under long-day photoperiod 
conditions as described in section 3.1 until they begin to flower. For the plant to be used 
as the female parent, flower buds that had the tips of petals just visible were chosen. 
These flowers typically contain mature carpels and the anthers have not yet begun to shed 
pollen. Siliques and other flowers and buds on the same stem as the chosen flowers were 
removed with forceps. Under the view of a dissecting microscope, the sepals, petals and 
anthers of the chosen flower were removed with forceps, leaving a stem with around 3 
exposed carpels. For the plant to be used as the male parent, open flowers that have 
visible pollen grains were chosen. These flowers were removed from the plant and
 
squeezed near the base with
 
forceps. The stamens were then removed with another pair of 
forceps and the anthers brushed against
 
the stigmatic surface of the
 
exposed carpels on the 
female parent. The plants containing the pollinated carpels were replaced in the growth 
chamber. Siliques were collected 2-3 weeks after pollination when they mature but before 
they split open. 
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3.9 Detection of GUS Activity  
3.9.1 Whole mount GUS staining 
 GUS staining was carried out with 5-bromo-4-chloro-3-indolyl-beta-D-glucuronic 
acid (X-Gluc) as previously described (Jefferson et al., 1987). Tissues were first fixed in 
90% cold acetone on ice for 20 min and rinsed 3 times with rinse solution (0.5 mM 
NaPO4 pH 7.2, 0.5mM K3Fe(CN)6, 0.5mM K4Fe(CN)6). The solution was replaced with 
staining solution (rinse solution plus 2mM X-Gluc) and vacuum infiltrated until the 
tissues not longer float on the surface of the solution, then incubated overnight at 37 °C. 
The staining solution was removed and replaced with 70% ethanol and incubated for 
several hours to remove the chlorophyll. The ethanol change was repeated several times 
until the tissues were cleared.  
 
3.9.2 Tissue fixation and paraffin embedding  
 Procedures for producing sections of GUS-stained tissue were carried out 
according to previously published protocol (Sieburth and Meyerowitz, 1997) except that 
xylene was substituted with Histoclear. Stained tissues from 3.9.1 were subjected to an 
ethanol series, exchanged to a Histoclear/ethanol mixture and finally to Histoclear, 
similar to the embedding of tissues for in situ hybridization. Paraplast chips were added 
slowly and the mixture placed at 42 °C before transfer to 55 °C. The wax/Histoclear 
mixture was slowly changed to wax over three days with two changes per day. Finally, 
the wax was poured into moulds and left to set at room temperature. 
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3.9.3 Paraffin Sectioning 
 The paraffin embedded tissues were trimmed and mounted onto sectioning stubs 
and sectioned with a microtome to generate 8 µm thick sections similar to the generation 
of sections for in situ hybridization described in section 3.7.2. The sections were 
deparaffinised by washing twice with gentle shaking in Histoclear and rehydrated with a 
graded ethanol series (95%, 90%, 80%, 60%, and 30%). The tissues were then air-dried 
and mounted in 50% glycerol before observation under a microscope. 
 
3.10 Particle bombardment of onion epidermal cells 
 Plasmid DNA was mixed with DNAdel™ gold carrier particles (Seashell 
Technology) at a ratio of 2-5 µg/mg gold and precipitated following the manufacturer’s 
instructions. Bombardment was carried out using the Biolistic PDS-1000/He particle gun 
(Bio-Rad) at 1350 p.s.i. and 6 cm distance from the stopping screen to the samples. Prior 
to bombardment, onion tissues were treated with 400 mM sorbitol on MS for 4 h, with 
the inner epidermal surface in contact with the medium. After bombardment, they were 
placed on MS medium and incubated for 12 h in the dark, at room temperature before 
observation. 
 
3.11 Measurement of Arabidopsis growth parameters 
3.11.1 Growth stage-based analysis 
 Arabidopsis wild-type, stu-1 and 35S:STU seedlings grown on soil under long-
day photoperiod conditions as described in section 3.1 were observed throughout the life 
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of the plant and the growth stage reached was noted every day. Number of days refers to 
days after sowing, including a 3-day stratification at 4 °C to synchronize germination. 
Growth stages are defined as described previously (Boyes et al., 2001). Measurements 
were taken from more than 30 plants each time, in three independent experiments. 
 
3.11.2 Measurement of leaf parameters 
 Measurements of leaf blade area, cell area and total cell numbers per leaf were 
carried out on the first true leaf pair of 12 seedlings grown on soil at 10 and 22 das as 
previously described (Achard et al., 2009). Leaf blade area was measured by tracing the 
leaf onto a graph paper. Cell number in a defined leaf area was counted manually by 
magnifying the leaf under scanning electron microscope such that there were about 100-
150 cells in the field. The average cell area and total cell number in leaves were then 
determined accordingly by mathematical calculations.  
 
3.12 Yeast two-hybrid assay 
 The coding regions of STU and AtROPs were amplified and cloned into pGBKT7 
and pGADT7 (Clontech), respectively. Yeast two-hybrid assays were performed using the 
Yeastmaker™ Yeast Transformation System 2 (Clontech) according to the 
manufacturer’s recommendations. For library screening, pGBKT7-STU was first 
transformed into yeast strain AH 109 according to the small-scale protocol and plated 
onto SD/- Trp agar medium. A resulting yeast colony was then picked and grown in SD/- 
Trp liquid medium and the cells were transformed following the library-scale protocol. 
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For pair-wise interactions, yeast AH109 cells grown in YPDA medium (2% difco 
peptone, 1 % yeast extract, 2% glucose, 0.003% adenine hemisulfate) were made 
competent and co-transformed with pGBKT7-STU and pGADT7-AtROP1-11 plasmids in 
11 separate reactions following the small-scale protocol. Transformed yeast cells were 
plated onto SD/-Trp/-Leu/-His/-Ade medium to test for interaction between STU and 
AtRops and on SD/-Trp/-Leu to confirm successful transformation. The details of the 
constructs made for yeast two-hybrid assay including vectors and restriction sites used 
are illustrated in Figure 5. Primers used for generation of constructs in yeast two-hybrid 
assays are listed in Table 3.  
 
3.13 Imaging 
3.13.1 Confocal microscopy  
 The LSM 510 Meta confocal microscope (Carl Zeiss) was used to determine the 
sub-cellular localization of GFP-STU. 
 
3.13.2 Scanning electron microscopy  
 The Jeol JSM-6360LV scanning electron microscope (SEM) was used to image 
leaves, stamens and pollen grains in this study. Samples were imaged rapidly, within 2 to 
3 min of being exposed to the vacuum to prevent dehydration. Leaf samples were imaged 
in the center of the leaf blade on either side of the mid-rib and at least four leaves of each 
genotype and growth stage were imaged for each batch of samples. Imaging was repeated 








Figure 5. Schematic diagram of constructs used in yeast two-hybrid studies.  
(A) pGBKT7-STU. (B) pGADT7 AD-AtRop. Restriction sites used for cloning are shown 
at both ends of the inserts (dark blue) and name of original vector is shown on extreme 
right. PADH1: truncated S. cerevisiae ADH1 promoter; PT7: T7 RNA polymerase promoter; 
Kan
r
: kanamycin resistance gene; TRP1: TRP1 coding sequences; TT7 & ADH1: T7 and 
ADH1 terminator; Amp
r
: ampicillin resistance gene; SV40 NLS: SV40 nuclear 






Table 3. Primers used for yeast two-hybrid assay 
Primers for generation of constructs 

















































Primers for PCR screening 
Primer name Primer sequence 
T7 5’-TAATACGACTCACTATAGGG-3’ 
pAD-GAL4-F 5’-GCGTTTGGAATCACTACAGGG-3’ 
Primers for sequencing 















3.13.3 Light microscopy 
 Light images were obtained using the SMZ1500 stereomicroscope (Nikon), 
Eclipse 80i microscope (Nikon) or the EOS 500D digital camera (Canon) depending on 
the size of sample and magnification required.  
 
3.14 Bioinformatics tools 
 Nucleotide sequences were verified using the BLAST algorithm search 
(http://blast.ncbi.nlm.nih.gov/) against the NCBI database. The ClustalW2 program was 
used for multiple sequence alignment (http://www.ebi.ac.uk/Tools/clustalw2/index.html). 
Arabidopsis nucleotide and amino acid sequences were obtained from The Arabidopsis 
Information Resource (TAIR) at (http://www.arabidopsis.org/). 
 
3.15 Graphics software 
 All original figures presented in this study were processed using Adobe 
Photoshop software. Shading of amino acid residues in the protein sequence alignment 









4.1 Identification of RGA target genes 
 The inflorescences of the ga1-3 rgl2-1 rga-t2 35S:RGA-GR mutant (Yu et al., 
2004) were used as the plant material for a microarray analysis, to identify immediate 
targets of RGA during flower development (Hou et al., 2008). In ga1-3 rgl2-1 rga-t2 
35S:RGA-GR plants, the RGA protein was fused to the hormone binding domain of  a rat 
glucocorticoid receptor (GR), under the control of the constitutive promoter derived from 
cauliflower mosaic virus (35SCaMv). The RGA protein is therefore steroid-inducible and 
post-translational activation of RGA can be achieved by treatment with dexamethasone, a 
synthetic steroid hormone. Dexamethasone treatment releases the fusion protein from the 
cytoplasm, where it is complexed with heat shock proteins, into the nucleus to exert its 
role in transcription (Dalman et al., 1991). 
 The RGA-GR fusion protein was proven to be biologically functional as mock-
treated ga1-3 rgl2-1 rga-t2 35S::RGA-GR plants resembled ga1-3 rgl2-1 rga-t2 with 
significant rescue of ga1-3 phenotype. The plants had normal petals, pistils and much 
developed stamens (Fig. 6A) while dexamethasone treatment successfully altered the 
phenotype of ga1-3 rgl2-1 rga-t2 flowers to that of ga1-3 rgl2-1 with retarded growth of 
stamens, petals and carpels (Fig. 6B). In addition, dexamethasone treatment also affected 
other aspects of plant development, resulting in impaired leaf expansion and stem 
elongation (Fig. 6C). Our observations suggest that post-translational activation of RGA-






Figure 6. The RGA-GR fusion protein used for microarray analysis is biologically 
functional.  
(A and B) Phenotypes of flowers of ga1-3 rgl2-1 rga-t2 35S::RGA-GR mock-treated (A) 
and treated with dexamethasone (Dex) (B). (C) Phenotype of mock and Dex-treated ga1-





development. Hence, this system is suitable for the identification of RGA target genes in 
our microarray study. 
 Differences in gene expression profile between dexamethasone- and mock- 
treated ga1-3 rgl2-1 rga-t2 35S::RGA-GR inflorescences were examined at 4 h after 
treatment to identify genes responding to dexamethasone and RGA activation. 
Dexamethasone treated ga1-3 rgl2-1 rga-t2 35S:RGA-GR relative to non-transgenic ga1-
3 rgl2-1 rga-t2 plants were included as controls to exclude genes that were regulated in 
response to dexamethasone. Only genes showing altered expression in both comparisons 
were designated as RGA-regulated genes. Three biologically independent replicates were 
carried out and genes with consistent change in expression of greater than 1.5-fold were 
selected (P<0.05).  
 Based on the criteria above, 806 RGA-regulated genes were identified, with 413 
of them up-regulated and 393 down-regulated. The genes were subjected to functional 
assessment by the NetAffx Gene Ontology Mining Tool 
(http://www.affymetrix.com/analysis/query/go_analysis.affx) and the results are listed in 
Table 4. Metabolic genes were over-represented among the RGA-regulated genes at 39% 
compared with 27% in the Arabidopsis genome, implying that RGA is strongly involved 
in directing metabolic processes in flower development. Additionally, among the up-
regulated genes, transcription factors and proteins with binding activity were over-
represented, indicating that RGA activates regulatory genes. Several of the RGA 
regulated genes identified from the microarray were chosen for further analyses and one 
of them, with the gene locus At2g16750, was of particular interest and is the focus of the 
subsequent study. 
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Table 4. Gene Ontology of RGA-regulated genes during flower development 
Molecular Function  Total RGA up RGA down 
Catalytic activity Total 316 145 171 
 Hydrolase 110 43 67 
 Transferase 99 46 53 
 Oxidoreductase 78 29 49 
 Lyase 19 11 8 
 Ligase 18 18 0 
 Isomerase 5 2 3 
 Helicase 3 1 2 
Binding activity Total 333 190 143 
 Ion binding 124 58 66 
 Protein binding 94 69 25 
 Nucleic acid binding 86 63 23 
 Nucleotide binding 69 48 21 
 Lipid binding 21 1 20 
 Tetrapyrrole binding 18 2 16 
 Oxygen binding 15 2 13 
 Carbohydrate binding 12 5 7 
 Cofactor binding 10 7 3 
 Vitamin binding 3 3 0 
 Drug binding 1 0 1 
 Steroid binding 1 0 1 
 Hormone binding 1 1 0 
 Amine binding 1 1 0 
 Selenium binding 1 1 0 
 Pattern binding 1 1 0 
Transporter activity Total 44 17 27 
Transcription factor/regulator 
activity 
Total 58 45 13 
 Zinc finger 10 9 1 
 MYB 5 3 2 
 WRKY 3 2 1 
 Scarecrow 3 3 0 
 bHLH 2 0 2 
 AP2 domain 2 2 0 
 MADS 1 0 1 
 others 32 26 6 
Enzyme regulator activity Total 17 4 13 
Signal transducer activity Total 16 7 9 
Antioxidant activity Total 7 2 5 
Structural molecule activity Total 6 1 5 
Nutrient reservoir activity Total 5 1 4 
Motor activity Total 4 3 1 
Translation regulator activity Total 3 2 1 
Function not assigned Total 60 33 27 
Total number of RGA-
regulated gene 
 806 413 393 
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4.2 STU is down-regulated by RGA in the GA signaling pathway 
4.2.1 STU transcript levels are reduced by RGA and increased by GA in young 
seedlings 
 From the microarray analysis described above in section 4.1, At2g16750, later 
renamed STUNTED (STU) was selected from a list of genes whose expression profiles 
were altered in response to the induced RGA activity. To further understand the 
regulation of STU expression in the GA signaling pathway, we examined its expression in 
seedlings of various mutant backgrounds (Fig. 7A). There was no change in STU 
transcript levels between wild-type and rga-t2 seedlings. This is probably because RGA 
protein levels were very low in wild type due to degradation by GA, while in rga-t2 the 
expression of RGA transcripts were abolished, hence RGA activity was very low in both 
instances. In the GA-deficient mutant ga1-3 where DELLA proteins are stable, STU 
transcription was significantly up-regulated by more than 3-fold when RGA was knocked 
out (Fig. 7A), indicating that RGA activity suppresses STU expression in seedlings, 
which is similar to the scenario observed in flower development (Hou et al., 2008). Next, 
the response of STU expression to GA treatment in wild-type and ga1-3 seedlings was 
examined. It was found that STU transcripts levels were up-regulated in both 
backgrounds upon GA treatment but the up-regulation was more significant in ga1-3, 
where STU transcripts were increased more than 2-fold by GA (Fig. 7B). The lower 
initial levels of STU in ga1-3 compared to wild type also indicate that GA regulates STU 










Figure 7. Effect of RGA and GA on STU transcript levels in seedlings.  
(A) STU expression in 8-day-old wild-type (WT), rga-t2, ga1-3, and ga1-3 rga-t2 
seedlings. (B) STU expression in 8-day-old WT and ga1-3 seedlings mock-treated or 










suggests that GA treatment, which stimulates the degradation of DELLA proteins, 
promotes STU expression. 
 
4.2.2 STU is an early target of RGA  
To validate if STU is an immediate target of RGA in seedling development, we 
studied STU expression in the established steroid-inducible functional version of RGA in 
ga1-3 rgl2-1 rga-t2 (Yu et al., 2004), similar to the previous microarray study on flower 
development. The time course expression of STU from dexamethasone- and mock-treated 
ga1-3 rgl2-1 rga-t2 35S:RGA-GR seedlings was examined by quantitative real-time PCR 
at 0, 2, 4 and 8 h after treatment. STU expression was unchanged at 0 and 2 h, but was 
down-regulated by approximately 25% as early as 4 h after RGA induction in 
dexamethasone-treated seedlings and further down-regulated to approximately 50% at 8 h 
after treatment (Fig. 8A). We further examined STU expression under a combined 
treatment of dexamethasone and cycloheximide, an inhibitor of protein synthesis, at the 
8-h time point since this time point exhibited a greater decrease in STU expression. The 
combined treatment resulted in a similar decreased in STU expression compared with 
dexamethasone treatment alone (Fig. 8B), suggesting that RGA modulates STU 
expression independently of protein synthesis, hence STU might be a direct target of 
RGA. Our results also show that early repression of STU by RGA occurs not only in 
flower development (Hou et al., 2008), but also in young seedlings.  
 As an immediate target of RGA, it is likely that RGA binds directly to the 
promoter of STU to inhibit its transcription. To test whether RGA directly associates with 











Figure 8. STU is an immediate target of RGA.  
(A) Time course expression of STU in 8-day-old ga1-3 rgl2-1 rga-t2 35S:RGA-GR 
seedlings. Values were calculated by normalizing the relative mRNA levels of STU in 10 
µM dexamethasone-treated (Dex) vs mock-treated (Mock) samples at 0, 2, 4, and 8 h 
after treatment. (B) STU expression in 8-day-old ga1-3 rgl2-1 rga-t2 35S:RGA-GR 
seedlings mock-treated (Mock), or treated with 10 µM dexamethasone (Dex), 10 µM 
cycloheximide (Cyc), or 10 µM cycloheximide plus 10 µM dexamethasone (Cyc+Dex) 








(ChIP) analysis by inserting the RGA coding region into the previously described 
pGreen-6HA vector (Li et al., 2008). 35S:RGA-6HA was introduced into ga1-3 gai-t6 
rgl1-1 rgl2-1 rga-t2, in which the function of RGA-6HA could be clearly identified based 
on the phenotypic differences between ga1-3 gai-t6 rgl1-1 rgl2-1 rga-t2 and ga1-3 gai-t6 
rgl1-1 rgl2-1. The functional ga1-3 gai-t6 rgl1-1 rgl2-1 rga-t2 35S:RGA-6HA transgenic 
lines that showed more severe phenotypes compared to ga1-3 gai-t6 rgl1-1 rgl2-1 due to 
excessive amounts of functional RGA-6HA proteins were chosen for ChIP assays.  
 The plant materials were first fixed with formaldehyde to cross-link chromatin 
DNA with proteins. Sonication was then carried out to break down the DNA into short 
fragments. Using antibodies against the epitope tag, hemagglutinin (HA), RGA protein 
was isolated, removed by proteinase treatment, and the bound DNA was recovered. The 
DNA was then utilized as the template for quantitative real-time PCR. Seven pairs of 
primers were designed at intervals of 500 bp to 1 kb apart that span the entire genomic 
DNA region of STU, including its promoter (Fig. 9A). If RGA was bound to the STU 
promoter, we would expect the DNA fragments corresponding to the bound region to be 
significantly enriched in the immunoprecipitated samples, compared with the proportion 
of the fragment in the chromatin fraction that was not subjected to immunoprecipitation, 
which can be revealed by our quantitative real-time PCR. Enrichment fold was calculated 
by first normalizing the amount of a target DNA fragment against the genomic fragment 
of ACTIN (internal control) and dividing the normalized value for immunoprecipitated 
DNA by non-immunoprecipitated DNA. After carrying out three independent replicates, 
our results show that the enrichment fold of all 7 promoter regions was approximately 1, 






Figure 9. RGA-6HA does not bind directly to STU promoter.  
(A) Schematic diagram of the STU genomic region. White boxes represent exons, while 
lines represent introns. Grey boxes represent untranslated regions and the striped box 
represents the promoter. Black bars above the STU genomic sequence indicate the 
approximate positions of 7 primer pairs used in ChIP analysis. (B) Enrichment folds of 
STU genomic fragments from ChIP analysis of three independently collected samples by 
quantitative real-time PCR. The enrichment of a TUB2 genomic fragment is included as a 
negative control. Error bars indicate SD. 
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analysis using 8-day-old seedlings did not detect the direct binding of RGA-6HA to the 
STU promoter region. Taking into account the ability of RGA to affect STU expression in 
the absence of protein synthesis, our results suggest that RGA regulation of STU involves 
other transcription regulators and RGA may affect STU transcription by affecting the 
assembly of these factors. 
 
4.3 STU encodes a putative RLCK VI family protein 
 STU is an unknown gene that has not been characterized previously. Therefore to 
facilitate its molecular characterization, primers were designed based on its sequence in 
The Arabidopsis Information Resource (TAIR, www.arabidopsis.org). The STU coding 
region and genomic DNA were subsequently isolated from Arabidopsis cDNA and 
genomic DNA, respectively. The STU cDNA is 2428 base pairs (bp) long and consists of 
a 1854 bp open reading frame (ORF) that encodes a protein 617 amino acids long, with 
an estimated molecular weight of 68.9 kDa. The nucleotide and corresponding amino 
acid sequence of STU is shown in Figure 10. The full length genomic sequence of STU, 
located on chromosome 2, is 3682 bp long and consists of 11 exons and 10 introns (Fig. 
11). STU shows high nucleotide sequence similarity to RLCK VI_B3 (At4g35030), as 
observed from their sequence alignment, with 62% similarity (Fig 12). Therefore, care 
was taken during primer design to ensure that the correct gene was amplified. 
STU encodes a putative Ser/Thr kinase, belonging to the subfamily of class VI 
RLCKs in Arabidopsis. Except for considerable similarity in the kinase domain, members 
of the RLCK VI subfamily vary extensively in their expression patterns as well as 




Figure 10. Nucleotide sequence of STU open reading frame and the corresponding 
amino acid sequence.  


























































Figure 11. Schematic representation of the STU genomic DNA.  
The STU genomic sequence is 3682 bp long and consists of 11 exons and 10 introns. 











CLUSTAL 2.0.12 multiple sequence alignment 
 
 
STU             TTTCCCTTAAATATAATCTTTATAAAAAAAATTAAAAATTAAAAAAAGGAAGTAAATTGA 60 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             AAAAACAAAATTGGTCCCCTGTCTTCTTTTGTTCACTGGACCCTTTTCTTGGCTTCGCTA 120 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             AATCATACTATCTCTATCTTCTCACCGACACTTTCTTCTTCTTTGATCATATCATATTTA 180 
At4g35030       ------------------------------------------------------------ 
                                                                           
STU             TCTTCACTACAAAAAAAACAAGTAAAATAAAGCCAATCTTCTTAAATATCTCCAGAAGAT 240 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             CTATCAGCATTTACGTATTCAGGTCCTCCAATTTCTTCTCACAAAGAAAAAGGAAGAAAA 300 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             AAAAGAAGTTGTGAGAGCAAAAAAAAAATGGCAGTGGATAAAGTGATTGTGAAGCAGAGG 360 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             AACATTATATTGGTTGGAATTCCAATTGATGAAAGTGGCGTAGAGGTTTTAAAATGGGCA 420 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             CTTGAAGAAGTTGCAAAACATGGAGATTGTGTTGTTGTTGTCCATGTTTGTTTTACTTAT 480 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             TACCGTGCCTTGAAAAGCAAGTCATCGCTGGATCGGTACTTAAAACCATACATTGAATTC 540 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             TGCTCAACAAAGAAGATTGAGCTCAAAGGAGAAGTGTTAAAGGGAAATTCAGTTCTAGGG 600 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             GTTTTAGTTAAAGAAGCAAAGAGATACAACGCCATGTCAGTTGTTGTTGGAGTTAAACAA 660 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             CAAAGTAAATTAAGTCTAAAAATAGCTAAAGGCTGCGCAAAAGAGCTTCCTTCAACCACC 720 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             GATATTTTGGCCATCCACAGAGGGAATATAGTCTTTAGACGTTCCAACCATTACCAACTA 780 
At4g35030       ------------------------ACTTGTTTCAATGGAGTTTTTGTTTGTTTGATTTCC 36 
                                        * *    **  * **  **       **         
STU             CCTCTTGCTCAAAAGATAAGTTCAAGACCAAGTTCTGAACTCTCTGAAGGATTTTCAGAC 840 
At4g35030       TCTGTTACTTATGCAGCAA----AAGAAGAAAT--TGAGTTTAAAGGAGAAGTGTGAGAA 90 
                 ** ** ** *      **    ****  ** *  ***  *    * ** * * * ***  
STU             AAAGATCTTGCGAAAACAACGGGTCAAGAGAAGAGAAAGATATCAGGAAGATCTCTATCT 900 
At4g35030       GGAAGTTTCAGGAAGAT---GGGTGAAGAAAAGAGGAGAATTTCAGGAAGATCAGTTTCA 147 
                  *  * *   *** *    **** **** ***** *  ** ***********  * **  
STU             CTTCCATCGGTAGAGGTAGTA---GACCAGACACCAGGTTGGCCATTACTAAGAACATCC 957 
At4g35030       CTTCCATCGATAGACATATTACTAGACGAGAAACCAGGTTGGCCATTTCTTAAAAGAGCA 207 
                ********* ****  ** **   *** *** *************** ** * ** * *  
STU             ACTTTAGCTACTCCAATG---GTTCA---ACATCAGACTAGGAAAATATCAGTTGTCAAT 1011 
At4g35030       AGTTTAGGGACACCACAACAAGTTCACAAATGGCACACACGAAAAGTCTCAGTGGTCAAT 267 
                * *****  ** ***      *****   *   ** **  * *** * ***** ****** 
STU             TGGGTCATGAGCTTGCCTGAAAGATTTCCACATCATCC---GAATCAGACTTGTCAACAG 1068 
At4g35030       TGGGTCATGAGCTTACCTGAACGGTTTCCAAATCATCAACAGACTCTAAACTATGAGACA 327 
                ************** ****** * ****** ******    ** **  *  * * *     
STU             AGCTTTTGTGATAAACAACTTAAAGACATACTCAAGGACATAAACAGATGGTTTAGCTAT 1128 
At4g35030       AGCTTGATAAAGAAACAAATCAAGGACATATTGAGAGACAATAACAAATGGTTCAACTAC 387 
                *****     * ****** * ** ****** * *  ****  **** ****** * ***  
STU             GATGTTCTCAAGACAGCAACATCAGATTTCTCTTTAGAGAATCTGATCGGAAAAGGAGGA 1188 
At4g35030       AATGTTCTTAGGAAAGCAACATCAGATTTCTCTCAAGAGAATGTGATTGGGAAAGGAGGA 447 
                 ******* * ** *******************  ******* **** ** ********* 
STU             TGTAATGAAGTTTACAAAGGGTTTCTTGAAGATGGTAAAGGCGTGGCAGTGAAGATCTTG 1248 
At4g35030       TGCAACGAAGTGTACCGAGGGATTCTTGAAGATGGAAAAGGCATTGCAGTGAAAATCTTG 507 
                ** ** ***** ***  **** ************* ****** * ******** ****** 
STU             AAACCATCTGTAAAAGAAGCAGTGAAGGAGTTTGTTCATGAAGTGAGCATAGTCTCTTCT 1308 
At4g35030       AAGTCATCATCTAAAGAAGCAATGACAAATTTCGTTCATGAAATCAACATTATCTCTTCT 567 
                **  ****    ********* ***   * ** ********* * * ***  ******** 
 
STU             TTGAGTCACTCAAACATCTCTCCTTTGATTGGTGTATGCGTTCATTACAACGACCTAATC 1368 
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At4g35030       TTGAGTCACCAAAACATCTCACCGTTACTTGGTGTTTGTGTCCAAGACAATGAACTAATC 627 
                *********  ********* ** **  ******* ** ** **  **** ** ****** 
STU             TCTGTTTACAATCTCTCTTCCAAAGGGAGTTTGGAGGAGACTCTTCAGGGTAAGCA---- 1424 
At4g35030       TCCGTTTACAATCTTTCAAACACAGGAAGTTTAGAAGAAACCCTTCACGGTAAGCAAAAG 687 
                ** *********** **   ** *** ***** ** ** ** ***** ********     
STU             --------TGTCTTGAGATGGGAAGAGAGACTCAAGATAGCAATAGGGTTAGGGGAAGCT 1476 
At4g35030       GGAAAGTATGTATTATCATGGGAAGAGAGATTCAAGATAGCTATCGGGTTGGCGGAAGCA 747 
                        *** **   ************* ********** ** ***** * ******  
STU             CTTGATTATCTACATAACCAATGTTCTAATCCTGTGATCCACAGAGATGTCAAATCTTCC 1536 
At4g35030       TTAGACTATCTTCATAACCGATGTTCTAAGCCAGTGATTCATAGAGATGTCAAAACTTCT 807 
                 * ** ***** ******* ********* ** ***** ** ************ ****  
STU             AATGTTCTTCTCTCAGATGAGTTCGAACCTCAGCTTTCGGATTTCGGTCTTTCGATGTGG 1596 
At4g35030       AACGTCCTTCTATCACTTGAGCTCCAACCTCAGCTGTCAGATTTTGGTCTGTCGATGTGG 867 
                ** ** ***** ***  **** ** ********** ** ***** ***** ********* 
STU             GGATCGAAG---TCTTGTCGATACACGATACAAAGAGATGTGGTGGGTACATTTGGATAT 1653 
At4g35030       GGACCGACAACATCTTCTCGATATTCGATACAAGGTGATGTGGTGGGAACATTTGGATAT 927 
                *** ***     **** ******  ******** * *********** ************ 
STU             CTAGCTCCTGAGTACTTTATGTATGGAAAAGTTAGCGATAAAGTCGATGTATATGCCTTT 1713 
At4g35030       CTTGCACCGGAGTACTTCATGTATGGAAAAGTCAGTGATAAAGTTGATGTTTACGCCTTT 987 
                ** ** ** ******** ************** ** ******** ***** ** ****** 
STU             GGAGTAGTTTTGCTTGAACTCATTTCAGGAAGAACTTCTATTTCATCTGATAGCCCAAGA 1773 
At4g35030       GGAGTGGTTCTGCTTGAACTCATTTCTGGAAGAAATCCTATTTCACCTCAGAATCCTAGA 1047 
                ***** *** **************** ******* * ******** ** * *  ** *** 
STU             GGGCAAGAGAGTTTGGTCATGTGGGCAAAACCAATGATCGAAAAAGGCAATGCAAAAGAG 1833 
At4g35030       GGACAAGAGAGTTTGGTAATGTGGGCAAAGCCTTTGATTGATACCGGAAATTTAAAAGTA 1107 
                ** ************** *********** **  **** ** *  ** ***  *****   
STU             CTCTTGGATCCGAATATTGCTGGTACTTTCGACGAGGATCAGTTTCATAAGATGGTTCTT 1893 
At4g35030       CTGTTGGATCCAGACGTTACAGATATATTCGACGAGTCTCAGTTTCAAAGAATGGTACTT 1167 
                ** ********  *  ** * * **  *********  ********* *  ***** *** 
STU             GCTGCTACACATTGTCTCACAAGAGCAGCCACTTATCGTCCCAATAT------------- 1940 
At4g35030       GCTGCTTCACATTGCCTCACAAGATCAGCCACACATCGTCCCAATATAAGACAAGTAAGA 1227 
                ****** ******* ********* *******  *************              
STU             -------------------------------------CAAGGA----------------- 1946 
At4g35030       TTTTGTTTCATTCCTTAAGAAAGCTAAGTCCCTCATGCAAGAACTAATCTTTAACGTTTC 1287 
                                                     **** *                  
STU             ----GATATTGAAGCTGCTAAGAGGCGAAGATGATGTCTCGAAATGGGTGAAGATAGAAG 2002 
At4g35030       TTCAGATACTGAGGCTACTAAGAGATGAAAACGAAGCCGGGAAATGGATTATGGAAGAAG 1347 
                    **** *** *** *******  *** * ** * *  ******* * * *  ***** 
STU             AAGATGACGAAGATGGTTTCGACGACGAGGTTTACCCAAATTCGAACACAGAATTACACT 2062 
At4g35030       AAGGAAATGAAGATTGCTTCGATGACGAGGTTTACCCGAATTCCAGCACAGAATTACACT 1407 
                ***   * ****** * ***** ************** ***** * ************** 
STU             TGAGCCTCGCGATGGTTGACGTGGAGGATAATGACTCTGTGTCAAACAGTAGCTTGGAGA 2122 
At4g35030       TAAACCTTGCGATGCTTGAGGTGGAAGACGATGAAACTGCATCAATCAGCAGCATGGAGA 1467 
                * * *** ****** **** ***** **  ****  ***  **** *** *** ****** 
STU             GAAGTAACAACAGCCTTTTTTCTTCTTCTTCTTCTTCCTCTCAGGAGCTTCAGTCTTAAT 2182 
At4g35030       GAAGTAACAACAGCCTTTTTTCTTCTACTTGTTCATC---TAGGGAGCTTCAAACATAAG 1524 
                ************************** *** *** **   *  *********  * ***  
STU             TAGGGTTTGTGCTTAGCTTGTCTCCAGTTCACTTG---AGGACTACGTCATCTCTTACGG 2239 
At4g35030       GAAT-TATGCTTTTAGCTAATAGAGAGGTTAGGTACTTAGGTTAGAGGTTTGTTTCTTAG 1583 
                 *   * **   ******  *    ** * *  *    ***     *   * * *    * 
STU             TGTCTGCACTCAATATGTCACACTATATATCACTTCTCTGCCTTGGCTTTTGCAACCATT 2299 
At4g35030       TGTATGGAGTTTACTTGATA-ACTTTATGTTAGACCTGAGCTCC--CTGCTGTTATCTGG 1640 
                *** ** * *  *  **  * *** *** * *   **  **     **  **  * *    
STU             GTTGGAGAAGTCTTTTTCCTCTTTCTCTTTTTGTATATATGAGAGGAGGAAAATAGAAAA 2359 
At4g35030       ACCAGAAAATTCATTCCCAAGACGAATCATTCTC-------------------------- 1674 
                    ** ** ** **  *           **                              
STU             TAATTATTATAAGTTTTTAACGTGATTGAATGTAATGACTAATTTTAAAAATCAGATAAG 2419 
At4g35030       ------------------------------------------------------------ 
                                                                             
STU             TTTCATGAA 2428 
At4g35030       --------- 
                          
 
 
Figure 12. Nucleotide sequence alignment of STU and its homolog At4g35030. 
* indicates identical nucleotides in both sequences. 
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RLCKs in Arabidopsis and they are divided into seven pairs of high similarity, with STU 
and At4g35030 forming a pair. The STU protein shares 69% amino acid identity with 
At4g35030, and 28% with CONSTITUITIVE DIFFERENTIAL GROWTH 1 (CDG1), a 
characterized RLCK VII subfamily member involved in brassinosteroid signaling (Muto 
et al., 2004). STU shares relatively low amino acid sequence identity with characterized 
RLCKs from other plant species, including tomato (LePtil; 33% identity), tobacco 
(NtPK1; 31%), soya bean (GmPti1; 30%), and maize (ZmPti1a; 29%). Multiple sequence 
alignment revealed a highly conserved kinase domain and an active site amongst all the 
RLCKs compared (Fig. 13). In addition to these common domains, STU itself has a 
UspA domain near its N-terminal. This domain is named after the universal stress protein 
of E.coli, UspA, whose expression was enhanced upon stress treatment (Nystrom and 
Neidhardt, 1994). 
 
4.4 Expression pattern of STU 
4.4.1 Temporal and spatial expression of STU transcripts 
 To gain insights into the biological function of STU, we investigated its temporal 
and spatial expression patterns during Arabidopsis development. Semi-quantitative RT-
PCR was performed with RNA extracted from different parts of 6-week-old wild-type 
seedlings (Fig 14). STU was expressed in all the tissues examined, including the rosette 
leaves, cauline leaves, stem and flower buds, with the highest expression in roots and 





Figure 13. Protein sequence alignment of STU and its homologs.  
Multiple sequence alignment of STU with characterized RLCKs from Arabidopsis and 
tomato, tobacco, soya bean and maize. NCBI accession numbers are ACI46506.1 (STU), 
NP_001078492.1 (At4g35030), NP_189330.1 (CDG1), AAC61805.1 (LePti1), 
CAE55203.1 (NtPK1), AAO92595.1 (GmPti1), AAT57906.1 (ZmPti1a). Domains are 
indicated by bold lines above the amino acid sequence and the active site is highlighted in 
a box. Shading of the amino acids was performed with the BoxShade program. Identical 






































Figure 14. Tissue-specific expression of STU by semi-quantitative RT-PCR. 
Expression of STU in various tissues of 6-week-old WT seedlings by semi-quantitative 
RT-PCR. TUB: TUBULIN control; RL: rosette leaf; CL: cauline leaf; ST: stem; B: bud; 









 To further examine the detailed expression patterns of STU in Arabidopsis 
development, we transcriptionally fused a 1.91 kb STU 5’ upstream sequence to the GUS 
reporter gene. This region encompasses the promoter of STU because a STU genomic 
fragment including this upstream sequence (pSTU:STU-6HA) was sufficient to rescue 
stu-1 phenotypes (Fig. 29). A total of 18 independent lines of transformants harboring 
pSTU:GUS were obtained and 13 of the lines displayed similar GUS staining patterns. 
One representative line was thus selected for further investigation. 
 At 3 days after germination, GUS activity was detected in the shoot apices and 
roots of pSTU:GUS plants (Fig. 15A). Intense staining patterns were observed in the 
same regions of 1-week-old and 2-week-old seedlings with a gradual increase in staining 
intensity with age (Fig. 15B and C). In 3-week-old seedlings grown on MS that were just 
beginning to bolt, GUS staining was observed in the main inflorescence apices, roots, and 
the secondary inflorescence meristems that were subtended by cauline leaves (Fig 15D).  
 After flowering, strong GUS staining was found in the center of the inflorescence 
apex and in the anthers of floral buds from stages 9 to 12 (Fig. 16A). As the anther is 
composed of multiple tissues, to further pin point the exact site of expression in anthers, 
inflorescences were embedded in paraffin and subjected to sectioning. A close 
examination of a longitudinal section of a stage 10 flower revealed the specific staining to 
be in the tapetum (Fig. 16B). The floral stages during which GUS staining was observed 
in the anthers were also consistent with the period of tapetum development. According to 
published literature, the Arabidopsis tapetum initiates at anther stage 4 and degenerates at 
stage 11, corresponding to floral stages 8 to 12, similar to our observed GUS staining 









Figure 15. Tissue-specific expression of STU at different developmental stages by 
whole mount GUS staining.  
GUS staining of pSTU:GUS seedlings grown on MS medium at 3 days (A), 1 week (B), 2 










Figure 16. Tissue-specific expression of STU in floral organs.  
(A) GUS staining of an pSTU:GUS inflorescence apex containing floral buds up to floral 
stage 12. (B) GUS staining in a longitudinal section of a stage 10 pSTU:GUS flower. 
Scale bar = 50 µm. (C) Transverse sections showing STU expression in the tapetum of a 
stage 10 and stage 11 flower bud by in situ hybridization. Scale bars = 100 µm. (D) GUS 
staining of a stage 14 pSTU:GUS flower. 
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confirmed this expression pattern. Representative cross-sections of a stage 10 and a stage 
11 floral bud showed that STU expression was limited to the tapetum (Fig 16C), similar 
to the GUS staining patterns observed in pSTU:GUS floral buds of the same stage. 
Finally, at floral stage 14, after tapetum degradation, GUS staining was mainly detected 
in the ovules and pollen (Fig. 16D). Our observations therefore confirm that STU is 
expressed in multiple tissues and the expression pattern of STU varies with different 
developmental stages. These observations strongly suggest that STU may function in 
more than one plant tissue. It is noted however, that there were minor discrepancies 
between the expression levels of STU indicated by the GUS reporter and quantitative RT-
PCR data. The absence of introns and the 3’ UTR region of STU from the GUS reporter 
construct might be the cause of these differences.  
 
4.4.2 STU protein localization 
 To further uncover the function of STU, we determined the sub-cellular 
localization of STU protein. To this end, the green fluorescent protein (GFP) was fused to 
the N-terminal of STU under the control of the 35S promoter. The 35S:GFP-STU 
construct was introduced into onion epidermal cells by particle bombardment and the 
localization of the fusion protein was analyzed by confocal microscopy. Like the control 
GFP driven by the 35S promoter (Fig. 17C and D), GFP-STU signals were observed 
throughout the cell. Signals were present in the cell membrane, diffused throughout the 
cell cytosol and particularly strong signals were observed in the nucleus (Fig. 17A and 
B). These results were consistent with the localization patterns observed in previous 










Figure 17. Sub-cellular localization of STU.  
(A and B) Sub-cellular localization of 35S:GFP-STU in onion epidermal cells. (C and D) 
Sub-cellular localization of the control 35S:GFP in onion epidermal cells. (A and C) GFP 









Arabidopsis (Kong et al., 2007; Molendijk et al., 2008). The observed protein localization 
of STU implies that STU may exert its function in multiple cell organelles. 
 
4.5 RGA mediates spatial regulation of STU by GA 
 To understand how GA signaling spatially regulates STU expression in seedlings, 
we monitored GUS staining patterns in 8-day-old pSTU:GUS seedlings treated with GA 
and the GA-biosynthesis inhibitor, paclobutrazol (PAC). As reflected by the intensity of 
GUS staining, GA treatment promoted STU expression in shoot apices and roots as 
compared to mock treatment, whereas PAC inhibited its expression (Fig. 18A to C). 
These results are consistent with that of gene expression analysis in seedlings (Fig. 7), 
suggesting that up-regulation of STU by GA occurs mainly in shoot apices and roots of 
seedlings.  
 To confirm that GA regulation of STU expression in shoot apices and roots is 
mediated through RGA, we examined pSTU:GUS staining in 8-day-old ga1-3 rgl2-1 rga-
t2 35S:RGA-GR seedlings mock-treated or treated with dexamethasone. Induction of 
RGA activity by dexamethasone treatment reduced the staining intensity in shoot apices 
and roots after 24 h when compared with that after mock treatment (Fig. 19A and B). 
This demonstrates the repression of STU expression by RGA in shoot apices and roots, 










Figure 18. GA regulates STU expression in shoot apices.  
GUS expression in shoot apices of 8-day-old pSTU:GUS seedlings mock-treated (B), or 
treated with GA (A) for 4 h or paclobutrazol (PAC) (C) for 24 h. Enlarged view of the 














Figure 19. GA regulates STU expression in shoot apices through RGA.  
GUS expression in shoot apices of 8-day-old ga1-3 rgl2-1 rga-t2 35S:RGA-GR 
pSTU:GUS seedlings mock-treated (Mock) (A) or treated with dexamethasone (Dex) (B) 








4.6 stu-1 loss-of-function mutants show multiple developmental defects 
4.6.1 stu-1 is a null mutant 
 To investigate the biological function of STU in Arabidopsis development, we 
identified a STU mutant (SALK_039301) containing a T-DNA insertion in the 6
th
 exon 
from the Arabidopsis Biological Resource Centre (ABRC) (Fig. 20A). The presence of 
the T-DNA insertion was confirmed by PCR genotyping (data not shown), and semi-
quantitative RT-PCR with primers flanking the insertion site revealed that STU 
transcripts in 2- and 4-week-old developing seedlings were abolished by the presence of 
the T-DNA (Fig. 20B). Since this is the first instance of identification of a STU null 
allele, we have named this mutant as stu-1. 
 
4.6.2 stu-1 mutant shows retarded development  
When compared with wild-type plants of the same age, overall seedling development of 
18-day-old stu-1 was retarded, resulting in a smaller plant stature (Fig. 21A). At 5 weeks 
after germination, wild-type plants had undergone bolting, an indication of reproductive 
phase change and the first flowers were opened whereas stu-1 had yet to bolt (Fig. 21B). 
At 4 weeks after germination, corresponding rosette and cauline leaves of wild type and 
stu-1 were removed from the plants and compared. stu-1 leaves were more curled and 
smaller in area than those of wild-type plants (Fig. 22A). Due to the strong STU 
expression in roots, root development in wild-type and stu-1 seedlings was also 
monitored. Plants were grown on MS medium to facilitate root phenotype observations. 








Figure 20. stu-1 is a null mutant.  
(A) Schematic diagram indicating the T-DNA insertion site in stu-1 (SALK_039301) and 
the target region of amiR-stu. Exons are represented by boxes and introns by lines. Grey 
boxes represent the untranslated regions. 
















Figure 21. stu-1 shows reduced plant stature.  











Figure 22. stu-1 shows retarded growth of plant organs.  
(A) Comparison of corresponding leaves of 4-week-old WT and stu-1 seedlings. Except 
for the cauline leaf pair on the extreme right, all the leaves displayed are rosette leaves. 
Scale bar = 1 cm.  
(B) Comparison of root length of WT and stu-1 seedlings grown on MS medium at 8 





seedlings were significantly shorter than wild type (Fig. 22B). The retarded development 
observed in multiple tissues of stu-1, was the rationale behind naming the gene 
STUNTED (STU), to reflect its stunted development. 
 Since GA is an essential hormone that promotes seed germination (Koornneef and 
Vanderveen, 1980) and STU is regulated by GA, we also investigated whether there were 
any differences in the germination rates of wild-type and stu-1 mutant seeds (Fig. 23).  
The germination rates of newly harvested wild-type and stu-1 seeds were monitored at 24 
h intervals following a 3-day stratification. Results show that the germination rate of stu-
1 seeds was always lower than that of wild type at the time points examined. 
Furthermore, the germination rate of stu-1 seeds failed to reach 100%, suggesting that a 
small percentage of the seeds produced were defective. 
 
4.6.3 stu-1 mutant shows reduced fertility 
 In addition to the above-mentioned retarded growth defects, stu-1 also displayed 
defects in reproductive development. stu-1 had reduced fertility compared to wild-type 
plants, characterized by their shorter siliques and reduced seed set (Fig. 24). Wild-type 
plants produced siliques that were approximately 1.3 cm long, containing 60 seeds on 
average whereas stu-1 siliques were only approximately 1.1 cm long and contained fewer 
than 40 seeds. To find out if the reduced fertility of the stu-1 plants was caused by pollen 
deficiency, the anthers of wild type and stu-1 were examined under scanning electron 
microscopy (SEM) and there was no significant difference in anther development and 
pollen quantity (Fig. 25A). However, a magnified view of individual pollen grains 











Figure 23. stu-1 seeds show reduced germination rates. 
Germination rates of newly harvested wild-type and stu-1 seeds at 0, 24, 48 and 72 h after 













Figure 24. stu-1 exhibits reduced fertility.  
(A and B) Representative WT (A) and stu-1 (B) siliques. (C) Average length of WT and 
stu-1 siliques. (D) Average number of seeds in WT and stu-1 siliques. Error bars (C and 














Figure 25. Pollen phenotypes of stu-1. 
(A) SEM images of WT and stu-1 anthers. (B) SEM images of WT and stu-1 pollen 







deformed whereas in wild-type pollen such deformity was not observed (Fig. 25B). The 
presence of these deformed pollen grains may account for the small percentage of 
defective seeds observed from the earlier seed germination experiment (Fig. 23). 
 In terms of floral organ development, it was found that the long stamens of stu-1 
failed to extend beyond the carpel at all stages of flower development (Fig. 26) whereas 
in wild-type flowers, the long stamens extend beyond the stigma at flower stage 14, and 
at stage 15 following pollination, the carpel elongates and the stigma in turn extends 
above the anthers (Smyth et al., 1990). This leads to speculation that the reduced fertility 
of stu-1 may also be due to defective stamen elongation, which results in less pollen 
being delivered to the stigmas. Therefore, our observations suggest that the lower fertility 
observed in stu-1 may be caused by a combination of defective pollen and deficiency in 
pollen delivery to stigmas. 
 
4.6.4 Growth defects of stu-1 are caused by loss of STU transcripts  
 To verify that the phenotypes observed in stu-1 were caused by the loss of STU 
transcripts, a series of transgenic plants were produced. We created amiR-stu knockdown 
transgenic lines that expressed an artificial microRNA (amiRNA) specifically targeting 
STU, according to published protocol (Schwab et al., 2006). In the published study, the 
authors established and automated a technique to design amiRNAs for specifically 
targeting endogenous mRNAs in Arabidopsis based on parameters derived from analysis 
of natural miRNAs. To produce the amiRNA construct, the PRS300 vector, which 
contains the MIR319a microRNA, was used as a template and MIR319a was substituted 






Figure 26. Late stage flower development in stu-1.  







was then sub-cloned into another vector for over-expression in Arabidopsis to silence the 
target gene(s).  
 The authors proved that amiRNAs can effectively silence both single and multiple 
target genes, with little formation of secondary siRNAs, which is consistent with the 
findings for most natural plant miRNAs (Lu et al., 2005). Over-expression of amiRNAs 
designed to target single and multiple genes was also demonstrated in the study to result 
in robust and strong phenotypes that resembled those of plants with mutations in the 
respective target genes (Schwab et al., 2006). Known determinants of target selection for 
natural miRNAs (Schwab et al., 2005) accurately predicted direct targets of amiRNAs, 
indicating that the plant silencing machinery acts with higher specificity than its animal 
counterpart. Due to their high specificity, predictability and robust effects, amiRNAs are 
excellent gene-silencing tools hence are chosen for use in this study. 
 The specific region of STU targeted by amiR-stu is in exon 9, as shown in Figure 
20A. A total of 28 independent transgenic lines were obtained following Agrobacterium-
mediated transformation, among which 12 lines were chosen for further analysis of their 
STU mRNA expression (Fig. 27A). STU mRNA levels were down-regulated in 11 of 
these lines, among which 8 lines (lines 1, 2, 5, 6, 7, 8, 11, and 12) with the lower STU  
mRNA levels showed an obvious decrease in plant stature as compared with wild-type 
plants. Line 2 (hereafter called amiR-stu), which had the lowest STU mRNA expression 
and exhibited a similar stunted phenotype as stu-1 was used for future analysis (Fig. 
27B). These results confirmed that a reduction in STU transcript levels caused the 







Figure 27. amiR-stu plants show retarded growth.  
(A) STU expression levels in 12 selected amiR-stu transgenic lines, measured by 
quantitative real-time PCR analysis of RNAs extracted from rosette leaves of 30-day-old 
seedlings. Relative gene expression levels were normalized against the expression of 





 We also created transgenic lines over-expressing STU under the control of 35S 
promoter. If the stunted growth of stu-1 was caused by the loss of STU transcripts, over-
expression of STU is likely to generate an opposite phenotype. A total of 29 independent 
transgenic lines were obtained following Agrobacterium-mediated transformation, among 
which 9 lines were chosen for further analysis of STU expression (Fig. 28A). STU mRNA 
levels were increased in 8 of these lines, among which 6 showed an increase in plant 
stature as compared to wild-type plants. Line 1 (hereafter called 35S:STU) with the  
highest STU mRNA expression, at 10-fold greater than wild type, was selected for further 
analysis (Fig. 28B).  
 To further corroborate that the phenotypes observed in stu-1 were due to the 
absence of STU transcripts, a complementation experiment was carried out in which a 4.5 
kb STU genomic fragment, containing a 1.91 kb STU 5’ upstream sequence was 
introduced into stu-1 plants. A total of 18 independent transgenic lines were obtained for 
stu-1 pSTU:STU-6HA and 6 were analyzed for their STU mRNA expression levels (Fig. 
29A). Five lines (1, 2, 3, 5, and 6) showing the restoration of STU mRNA levels 
obviously rescued plant stature of stu-1. Line 3 in which STU mRNA levels were the 
closest to that of wild-type plants was chosen for further analysis (Fig. 29B). This 
complementation experiment also substantiates that the 4.5kb STU genomic fragment 
contains all the elements necessary for proper function of STU. 
 
4.6.5 Effects of STU on plant growth rate 
 To further analyze the aspects of plant growth affected by STU, we performed a 






Figure 28. 35S:STU plants show an increase in plant stature. 
(A) STU expression levels in 9 selected 35S:STU transgenic lines, measured by 
quantitative real-time PCR analysis of RNAs extracted from rosette leaves of 30-day-old 
seedlings. Relative gene expression levels were normalized against the expression of 







Figure 29. Complementation of stu-1 by a 4.5 kb STU genomic fragment.  
(A) STU mRNA expression levels in 6 selected stu-1 STU:STU-6HA lines. Transcript 
levels were determined by quantitative real-time PCR analysis of RNAs extracted from 
rosette leaves of 30-day-old seedlings. Relative gene expression levels were normalized 
against the expression of TUB2. Error bars indicate SD. (B) Comparisons of 18-day-old 





developmental stages. Two stages each during vegetative and reproductive development 
were selected for observation, following a system previously developed (Boyes et al., 
2001). The vegetative stages 1.02 and 1.10 indicate the number of days after germination 
at which the 2nd and 10th rosette leaves, respectively, are just greater than 1mm in 
length. The reproductive stage 5.10 defines the time at which the first floral bud becomes 
visible, while stage 6.00 is the point at which the first flower opens. Our results show that 
wild-type, stu-1, and 35S:STU plants took approximately 10 days to reach stage 1.02 
(Fig. 30) despite the obvious differences in their statures as observed earlier. At stage 
1.10, wild-type, stu-1, and 35S:STU plants showed slight differences in the average 
number of days taken at 20.5, 21.2 and 19.8 days, respectively. The differences in their 
growth rate became more obvious at stages 5.10 and 6.00. In wild-type plants, the first 
flower buds emerged at around 23.2 days, while the corresponding days in stu-1 and 
35S:STU were 29.8 and 20.2, respectively. The number of days at which the first flowers 
were opened in wild type, stu-1, and 35S:STU are 32.0, 36.6 and 29.6, respectively. 
These results demonstrate that plant growth is stunted in stu-1, but accelerated in 
35S:STU, with the difference in growth rate more obvious as growth progresses. The 
more obvious time differences observed in the reproductive stages could be because a 
minimum plant size is necessary to initiate the transition from vegetative to reproductive 
meristems (Longman and Wareing, 1959; Irish and Nelson, 1991; Lawson and Poethig, 
1995). The dwarf and late flowering phenotype of stu-1 is similar to that of other weak 
GA-deficient or GA-insensitive mutants, supporting that STU functions in the GA 








Figure 30. STU mRNA expression levels affect plant growth rate.  
Comparisons of WT, stu-1, and 35S:STU seedling growth through developmental stages 






and growth rate observed in stu-1 was caused by the loss of STU transcripts and suggest 
that STU plays a role in maintaining normal plant stature. 
 
4.7 STU mediates GA control of cell division 
4.7.1 Reduced stature of stu-1 is caused by reduced cell proliferation 
 To understand the mechanism for the differences in plant stature between wild-
type and stu-1 plants, we examined cell division and elongation, the two cellular 
processes responsible for growth. Arabidopsis leaf growth can be divided into 3 phases: 
before 10 days after sowing (das), cell division and expansion occur at equal rates so cell 
size is constant and growth is associated mainly with cell proliferation; from 10 to 17 das, 
cell division rate decreases and cell expansion increases; after day 18, both cell division 
and expansion cease and final leaf size is reached, a result of the rate and duration of cell 
division and expansion (Donnelly et al., 1999; Beemster et al., 2006).  
 At 10 and 22 das, it was observed that stu-1 leaves were obviously smaller than 
those of wild type (Fig. 31A). The first true leaf pair of at least twelve plants of each 
genotype were examined and the representative SEM images of epidermal cells on the 
first true leaf pair of wild-type and stu-1 plants are shown with no observable differences 
(Fig. 31B). Total leaf blade areas were determined by tracing the leaves onto graph paper, 
while cell numbers were determined by magnifying the leaves using SEM followed by 
manual counting. Thereafter, total cell number per leaf and average cell area were 
determined by mathematical calculations. 






Figure 31. Comparison of cell division and expansion rates by SEM between WT 
and stu-1.  
(A) Representative seedlings of WT and stu-1 plants at 10 and 22 days after sowing (das) 
with first true leaf pair indicated by arrows. (B) Representative SEM images of epidermal 






 At 10 das when leaf growth is mainly linked to cell proliferation, leaf area of stu-1 
was only 61% of that in wild-type plants (Fig. 32). Individual cell area in stu-1 remained 
largely unchanged, whereas cell number in stu-1 was 31% less than in wild-type plants. 
At 22 das when cell expansion is the major cause of leaf growth, cell area, leaf area and 
cell numbers of both wild type and stu-1 were increased compared to their counterparts at 
10 das. Individual cell areas of wild-type and stu-1 plants were still similar, whereas leaf 
area and cell number in stu-1 were reduced by 26% and 25%, respectively as compared 
with wild-type plants. These results demonstrate that a reduction in cell number caused 
by reduced cell proliferation is the main reason for the reduced stature of stu-1. 
 
4.7.2 GA promotes cell division through STU 
 We then crossed a Dbox CYCB1;1-GUS expressing line with stu-1 to study the 
role of STU in cell division, The CYCLIN B1 (CYCB1;1)-GUS reporter is expressed in 
cells during the G2-M phase of cell cycle, thus allowing us to monitor mitotic activity 
(Colon-Carmona et al., 1999). The root meristem was examined for differences in cell 
division between wild-type and stu-1 plants due to its translucent nature, which facilitates 
visualization and imaging. Also, it was established earlier that stu-1 roots developed at a 
slower rate than wild type (Fig. 22B), similar to the retarded growth observed in other 
organs of stu-1, hence they are suitable representative tissues for our study. Based on the 
intensity and extent of GUS staining, mitotic activity was evidently reduced in root 
meristems of stu-1 as compared with wild-type plants under mock treatment (Fig. 33). In 
wild-type root meristems, GA treatment increased the number of dividing cells, albeit 








Figure 32. stu-1 exhibits reduced cell proliferation.  
Comparison of leaf blade area, average cell area and total cell number of the first true leaf 













Figure 33. STU mediates GA regulation of cell division. 
 Dbox CYCB1;1-GUS staining in WT and stu-1 root tips mock-treated (MOCK) and 







change for GA treatment in wild-type roots is likely because mitotic activity in wild-type 
roots where GA is present already occurs at a very high rate so the additional GA has 
little effect. On the contrary, similar treatments in stu-1 had little effect on the amount of 
mitotic activity, suggesting that GA mediates plant cell division largely via STU and in 
the absence of STU, such regulation is diminished.  
 To quantify the observed differences in cell division, we measured the transcript 
levels of CYCB1;1 and KNOLLE,  two genes known to be expressed during mitosis (Fig. 
34). At 8 days after germination, transcript levels of CYCB1;1 and KNOLLE in stu-1 
seedlings were reduced by approximately two thirds and half, respectively, as compared 
with wild-type plants, suggesting a reduction in cell division. These gene expression 
changes, together with the results from the cyclin B1-GUS reporter substantiate that STU 
mediates the rate of cell proliferation in Arabidopsis. 
 
4.7.3 STU regulates the cyclin-dependent kinase inhibitor genes SMR1 and SIM 
under GA pathway 
 A recent study found that DELLA restrain of cell proliferation results from the 
accumulation of transcript levels of cyclin-dependent kinase (CDK) inhibitors, a group of 
proteins that bind to cyclin/cyclin-dependent kinase complexes (CYC/CDK) and inhibit 
cell cycle progression (Achard et al., 2009). Hence, we further examined the link between 
the expression of several CDK inhibitor genes and STU activity in the GA pathway. As 
stu-1 and other previously created STU relevant transgenic plants were all in the 
Columbia (Col) background, whereas ga1-3 was in the Landsberg erecta (Ler) 








Figure 34. Expression of cell proliferation marker genes in stu-1.  
Relative mRNA levels of CYCB1;1 and KNOLLE, in 8-day-old WT and stu-1 seedlings. 
Transcript levels were determined by quantitative real-time PCR analysis of three 
independently collected samples. Relative gene expression levels were normalized 










Like 35S:STU in the Col background, 35S:STU lines (Ler background) in which STU 
mRNA levels were increased also showed an increase in plant stature as compared to 
wild-type Ler plants (Fig. 35). A total of 21 independent lines were obtained, of which 9 
were analyzed for their STU expression and line 5, which showed the highest expression 
of STU transcripts (Fig. 35A) as well as an increased growth rate (Fig. 35B) was selected 
for genetic crossing with ga1-3 and for further expression analysis.  
 SMR1 and SIM are members of the SIM gene family of Arabidopsis. Members of 
the family contain putative cyclin binding motif and another motif also present in 
ICK/KRP (Interactors of Cdc2 kinase/Kip-related protein) cell cycle inhibitor proteins. 
SIM associates with D-type cyclins and CDKA;1 and likely functions as a plant-specific 
CDK inhibitor (Churchman et al., 2006). Quantitative real-time PCR analyses revealed 
that SMR1 and SIM were regulated through STU in the GA signaling pathway (Fig. 36). 
In Ler wild-type plants and ga1-3, GA treatment reduced the expression of SMR1 and 
SIM, consistent with previously published data (Achard et al., 2009), indicating that both 
genes are regulated in the GA pathway. Without GA treatment, the initial transcript levels 
of SMR1 and SIM in 35S:STU and ga1-3 35S:STU were lower than those in wild type and 
ga1-3, respectively, indicating that STU inhibits the expression of  SMR1 and SIM. As 
GA treatment triggers the degradation of RGA and increases STU levels, 35S:STU 
mimics the effect of GA treatment, thus inhibiting the expression of SMR1 and SIM in 
these two backgrounds. In the ga1-3 background, the transcript levels of SIM and SMR1 
were higher than that in wild type (Ler), 35S:STU and ga1-3 35S:STU, under both mock 
and GA treatment. This is because in ga1-3, DELLA proteins, including RGA are 






Figure 35. 35S:STU Landsberg erecta plants show increased growth rate.  
(A) STU expression levels in 9 selected 35S:STU transgenic lines, measured by 
quantitative real-time PCR analysis of RNAs extracted from rosette leaves of 30-day-old 
seedlings. Relative gene expression levels were normalized against the expression of 













Figure 36. STU regulates the expression of the CDK inhibitors, SMR1 and SIM. 
Relative expression of SIM and SMR1 in 8-day-old WT, ga1-3, 35S:STU, and ga1-3 
35S:STU seedlings mock-treated and treated with 10 µM GA. Transcript levels were 
determined by quantitative real-time PCR analyses of three independently collected 
samples. Relative gene expression levels were normalized against the expression of 







are insufficient to repress SIM and SMR1 adequately. In wild type (Ler), 35S:STU and 
ga1-3 35S:STU however, STU transcripts are present and repress the levels of CDK 
inhibitors.  
 Furthermore, GA treatment of 35S:STU and ga1-3 35S:STU had less pronounced 
effects in reducing the expression of SMR1 and SIM than GA treatment of wild-type and 
ga1-3 plants. This is probably because STU transcript levels have already reached a level 
of saturation under the strong, constitutive 35S promoter and further GA treatment cannot 
increase STU transcription appreciably. Our results corroborate that STU acts in the GA 
pathway, under the regulation of RGA, to control cell-cycle progression. RGA 
degradation by GA derepresses STU transcription, and the increase in STU levels in turn 
down-regulates the expression levels of the inhibitors SMR1 and SIM. In contrast to 
SMR1 and SIM, the transcription of two other CDK inhibitor genes under investigation, 
SMR2 and KRP2, were not similarly affected by STU over-expression, although they 
were regulated by GA (Fig. 37). This implies that SMR2 and KRP2 may be mediated by 
regulators other than STU in the GA signaling pathway.  
 
4.8 Investigation of STU interacting proteins 
 In order to further understand the mechanism of action of STU, it is desirable to 
identify its interacting partners. Yeast two-hybrid assays were carried out for this 
purpose, as it is an ideal preliminary method to identify protein interactors from a large 
pool of proteins. The STU coding region was cloned into the pGBKT7 vector, fused to 
the GAL4 DNA-binding domain (BD) and used as the ‘bait’ protein to screen an 









Figure 37. STU does not regulate the expression of the CDK inhibitors, SMR2 and 
KRP2.  
Relative expression of SMR2 and KRP2 in 8-day-old WT, ga1-3, 35S:STU, and ga1-3 
35S:STU seedlings mock-treated or treated with 10 µM GA. Transcript levels were 
determined by quantitative real-time PCR analyses of three independently collected 
samples. Relative gene expression levels were normalized against the expression of 






containing the corresponding activation domain (AD) of GAL4 generates the ‘prey’ 
fusion proteins. When the ‘bait’ and ‘prey’ proteins physically interact, the two GAL4 
domains are brought together to activate the expression of downstream reporter genes. 
The pGBKT7 vector encodes a gene for tryptophan biosynthesis and is able to survive in 
medium lacking the amino acid. Likewise, the pGADT7 vector encodes a leucine 
biosynthesis gene. If the ‘bait’ and ‘prey’ protein interact, the promoters for histidine and 
adenine biosynthesis will be further activated and yeast cells would be able to grow on 
medium lacking all four amino acids. 
 Before screening for STU interacting proteins, the bait self-activation test was 
carried out to ensure that STU did not activate transcription on its own. pGBKT7 vector 
containing STU coding region (BD-STU) and empty pGADT7 vectors were transformed 
into the yeast strain AH 109 for this test. The transformants were able to grow in minimal 
synthetic defined (SD) medium lacking tryptophan and leucine (SD/-Trp/-Leu) 
suggesting successful introduction of both vectors into the yeast cells, but were unable to 
grow on SD medium lacking tryptophan, leucine, histidine and adenine (SD/-Trp/-Leu/-
His/-Ade) suggesting no self-activation (Fig. 38). On the other hand, yeast cells carrying 
the positive control vectors pGBKT7-53 and pGADT7-T, containing the p53 and SV40 
large T-antigen coding sequences, respectively, were able to grow on both media. BD-
STU was subsequently used as the bait to carry out a large-scale library screening of 
Arabidopsis whole seedling cDNA clones. No true interacting proteins were detected 
after four rounds of screening, even though several false positives were found (data not 
shown). This is speculated to be due to the low affinity and transient nature of kinase-








Figure 38. Bait self-activation test for STU.  
Growth of yeast colonies transformed with BD-STU and pGADT7 on SD/-Trp/-Leu and 
SD/-Trp/-Leu/-His/-Ade media. Yeast cells transformed with the vectors pGBKT7-53 







 Several recent publications have shown that members of the RLCK VI family in 
Arabidopsis and Medicago truncatula can interact with and be specifically activated by 
Rop GTPases (Molendijk et al., 2008; Dorjgotov et al., 2009). Rops GTPases are a family 
of small, guanine nucleotide binding proteins, which function as plant-specific signaling 
regulators and there are 11 of them in Arabidopsis. The coding regions of these 11 Rops 
GTPases were fused with GAL4 AD and tested for interaction with the BD-STU in 11 
separate reactions. It is probable that the high concentration of proteins in the more 
specific small-scale interaction test would allow the detection of even weak interactions, 
unlike the library screening method. However, assay results were negative with no yeast 
colonies growing on SD/-Trp/-Leu/-His/-Ade medium even though colonies were 
detected on the SD/-Trp/-Leu medium (data not shown), which implies that 
transformation was successful but there was no interaction between STU and all 11 Rop 














5.1 STU encodes a RLCK that functions in maintaining normal plant 
stature 
 In this study, we characterized the biological function of STU, a novel RLCK VI 
family protein in Arabidopsis. Analysis of STU expression pattern showed that although 
STU is ubiquitously detectable in all the tissues examined, it is highly expressed in shoot 
apices and roots, which contain actively dividing cells, indicating that STU activity is 
highly relevant to active cell proliferation. The expression of STU in multiple tissues over 
various developmental stages is also similar to the universal expression of other RLCK 
VI family members suggesting certain functional resemblance amongst members of the 
family. The biological significance of STU was revealed by observations of the stu-1 
mutants, which exhibit retarded growth in many aspects of plant development during 
vegetative and reproductive stages. stu-1 seedlings developed smaller leaves, shorter 
roots and decreased germination rate compared to wild-type seedlings at the vegetative 
phase (Fig. 22 and 23), while at the reproductive phase, stu-1 exhibits delayed floral 
transition and lower fertility, and produces deformed pollen grains (Fig. 24 to 26). In 
contrast, over-expression of STU transcripts resulted in an increased plant size and 
accelerated growth (Fig. 28 and 30). A detailed analysis of cell division and expansion in 
leaves revealed that the reduced stature of stu-1 at least partly results from a reduction in 
cell proliferation (Fig. 32). These observations suggest that STU functions in the control 
of cell proliferation to maintain normal plant stature. 
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 RLCKs are a subfamily of RLKs, which lack a transmembrane or extracellular 
domain, hence are predicted to be confined to the cytoplasm. They make up 
approximately 25% of RLKs and are further divided into eight classes numbered RLCK I 
to VIII. There are 14 members in the subfamily of class VI RLCKs in Arabidopsis (Jurca 
et al., 2008). While the functions of these members are not well characterized, a few of 
them have been shown to interact with and be specifically activated by Rop GTPases 
(Molendijk et al., 2008), implying that RLCKs may function as effectors of Rop 
GTPases. Rop GTPases are plant-specific Rho small GTPases involved in diverse 
developmental processes and signaling pathways, and have been proposed to act as 
molecular switches to control the transmission of extracellular signals in plants (Zheng 
and Yang, 2000; Li et al., 2001; Yang, 2002; Agrawal et al., 2003). An increasing 
number of Rop-interacting upstream and downstream effectors targets have been found in 
recent years, suggesting the presence of a complex Rop regulatory network in 
Arabidopsis (Berken and Wittinghofer, 2008).   
 Although the diverse tissue expression of STU and ubiquitous sub-cellular 
localization of the STU protein imply a similar role to other RLCKs as an effector of Rop 
in cellular signaling, our preliminary yeast two-hybrid analyses did not reveal any 
interaction between STU and all 11 Rop GTPases in Arabidopsis. Thus, whether STU 




5.2 RGA negatively regulates STU in the GA signaling pathway  
 DELLA proteins serve as the major repressors of GA-responsive growth, and null 
mutations in different combinations of DELLA proteins rescue different aspects of the 
GA-deficient phenotypes (Dill et al., 2001; Cheng et al., 2004; Yu et al., 2004; Cao et al., 
2006). GA acts through the “de-repressible repressor” model (Richards et al., 2001) in 
which GA-mediated degradation of the DELLA repressors, de-represses the transcription 
of GA-responsive genes. Changes in transcription activity of these downstream targets 
lead to subsequent growth and development. 
  Although several microarray analyses have been performed to identify genes 
regulated by DELLA proteins or GA in Arabidopsis (Ogawa et al., 2003; Cao et al., 
2006; Nemhauser et al., 2006; Zentella et al., 2007), detailed analyses on the effectors 
that function downstream of DELLA proteins and bring about GA-responsive growth and 
development remain lacking. The present study shows that STU expression is repressed 
by RGA activity and is an immediate target of RGA regulation because induced RGA 
activity represses STU expression within 4 h and independently of protein synthesis (Fig. 
7A and 8). On the contrary, GA treatment, which stimulates the degradation of RGA, 
promotes STU expression (Fig. 7B). In particular, STU expression in shoot apices and 
roots where cell division actively occurs is specifically mediated by RGA activity and 
GA signaling (Fig. 18 and 19). These observations confirm that STU is a downstream 
effector of the GA signaling pathway, and GA promotes STU expression through 
degradation of RGA. Additionally, the tissue-specific RGA-mediated regulation might be 
relevant to the control of cell proliferation.   
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5.3 STU mediates GA control of cell division 
 GA has been shown to modulate growth in various tissues by promoting the 
processes of cell expansion (Yang et al., 1996; Cowling and Harberd, 1999; Cheng et al., 
2004; Ubeda-Tomas et al., 2008) and cell division (Achard et al., 2009; Ubeda-Tomas et 
al., 2009), both of which involve the destruction of DELLA proteins. The reduced stature 
of stu-1 and its regulation by RGA thus prompted us to investigate whether STU is 
involved in either process. Our study has provided several pieces of evidence that support 
a role for STU in mediating GA control of cell division. Firstly, stu-1 loss-of-function 
mutants exhibit a decrease in cell numbers in leaves, whereas cell expansion is unaffected 
(Fig. 32). Together with the observation that the expressions of STU transcripts are 
mainly in the tissues where active cell division takes place (Fig. 16 and 17), these results 
suggest that STU is involved in the control of cell division. Secondly, staining of Dbox 
CYCB1;1-GUS in root tips (Fig. 33) and gene expression analyses of CYCB1;1 and 
KNOLLE in seedlings (Fig. 34) have shown that mitotic activity is obviously reduced in 
stu-1 as compared with wild-type plants. This further substantiates that STU controls cell 
division. Thirdly, in wild-type roots GA treatment slightly promotes cell proliferation, 
whereas PAC treatment reduces cell proliferation (Fig. 33). However, these effects are 
almost completely abolished in stu-1 roots, demonstrating that in the absence of STU, the 
effect of GA signaling on cell proliferation is compromised. These results support the 
role of STU as an important regulator mediating GA control of cell proliferation. 
 It has been found that DELLA proteins restrain cell production in leaves and root 
meristems by enhancing the transcript levels of the CDK inhibitors, KRP2, SIM, SMR1 
and SMR2 (Achard et al., 2009). These inhibitors inhibit cell cycle progression by 
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interacting with D-type CYC and A-type CDK subunits (Inze, 2005). Our results suggest 
that two of the four CDK inhibitor genes examined, SMR1 and SIM, are negatively 
regulated through STU in the GA signaling pathway (Fig. 36). These results propose a 
role for STU in conveying the signal for growth from GA through RGA to the repression 
of CDK inhibitors, which in turn mediate cell division.  
  
5.4 An updated model for GA control of plant stature 
 The size of plant organs is tightly controlled by environmental and endogenous 
factors and the evolution of a particular organ or plant size is likely to be of adaptive 
value. Plants demonstrate the ability to maintain their original shape and size despite 
perturbations to the system, through compensatory mechanisms (Tsukaya, 2003; 
Horiguchi et al., 2006). When cell division in an organ is disrupted, the cells may respond 
by an increase in size. Similarly, when cell size decreases, the plant responds by 
increasing cell division rate. The effect of GA on cell division and expansion therefore 
emphasizes the importance of GA signaling in the determination of plant stature. In the 
case of stu-1, both cell numbers and cell size were reduced compared to wild type. 
Therefore, compensation, if it occurs, may take place through other mechanisms such as 
prolonging the duration of cell proliferation. Additional experimentation will be required 
to verify this. 
 Our results have led to a more up-to-date model that includes a new player, STU, 
in GA-mediated control of plant stature (Fig. 39). In this model, the presence of GA is 
perceived by the GA receptor GID1. The GA-GID1 complex interacts with RGA and 







Figure 39. STU mediates GA control of Arabidopsis plant stature.  
GA binds to its receptor GID, which enhances the interaction with RGA. This inactivates 
RGA activity largely through SLY1-mediated degradation of RGA by the 26S 
proteasome. Inactivation of RGA up-regulates STU expression, which in turn decreases 
the expression of two CDK inhibitors, SIM and SMR1. Down-regulation of these 






proteasome. STU expression is repressed by RGA in the default state and inactivation of 
RGA causes an increase in STU transcript levels. STU in turn decreases the transcript 
levels of the CDK inhibitors, SIM and SMR1. This lifts the inhibitory effect of the 
inhibitors on cell cycle, driving cell proliferation and promoting GA-responsive growth 
and development.  
 The exact mode of action of STU is an interesting topic for future studies as it will 
reveal how plant growth is executed in its entirety, from hormone perception to cell 
proliferation. Several recent publications have shown that members of RLCK VI family 
in Arabidopsis and Medicago truncatula can interact with and be specifically activated by 
Rop GTPases (Molendijk et al., 2008; Dorjgotov et al., 2009). Although we have not 
found any interaction between STU and Rop GTPases by yeast two-hybrid analyses, it is 
still possible that STU participates in cellular signaling through its interaction with other 
families of GTPases, like ARF, RAN and RAB or with the Rop interacting proteins such 
as GAPs, and RICs. Further elucidation of the substrate(s) of STU and its direct upstream 




 The phytohormone GA plays an important role in controlling many aspects of 
plant development throughout the plant life cycle and GA-deficient mutants are defective 
in numerous areas, including seed germination, stem elongation, leaf expansion, trichome 
development, and fruit and flower development (Hooley, 1994; Harberd et al., 1998). In 
the past decades, major progress has been made in uncovering the biochemistry of GA 
biosynthesis and identification of GA signaling components. The mechanisms of GA 
interactions with other hormonal pathways and the workings of GA downstream targets 
however, are only beginning to be unraveled.   
 In this study, we used an RGA-inducible system to identify the immediate target 
genes of RGA. Subsequently, the study focused on STU, a novel RLCK VI family 
protein, negatively regulated by RGA in the GA signaling pathway. The stu-1 mutant 
plant was also isolated, which was stunted in many aspects of development. We then 
investigated the cause of the observed phenotypes and attributed the reduced plant stature 
to a reduction in cell division rate caused by an increase in transcript levels of several cell 
cycle inhibitors. This study has thus uncovered a novel gene, STU, and unraveled its role 
as a promoter of cell division in response to GA signaling, thus leading to a revision of 
the current model of GA signaling. 
 GA has long been associated with the manipulation of crop stature in agriculture. 
During the Green revolution, dwarf cultivars of wheat and rice were developed and these 
cultivars are impaired in GA biosynthesis or signaling. Large plant dimensions are often 
associated with increased exposure to stress, making growth restraint advantageous in 
adverse conditions. Hence, the observed reduced stature of stu-1 raises the possibility that 
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control of STU expression may be one of the mechanisms by which the GA signaling 
pathway regulates plant stature in response to stress. In a previous study, it was found 
that transcript levels of a rice homolog of the SIM gene family, EL2 were induced in 
response to both biotic and abiotic stresses (Peres et al., 2007). Together with the 
presence of the UspA domain in STU, it is likely that STU integrates stress signals. Plant 
growth and development are known to be regulated by multiple hormonal pathways, 
many of which are affected by environmental factors. Recent results show that many of 
the cross-talks between various hormones occur at the level of the DELLA proteins. 
Therefore, there exists the additional possibility that these hormonal cross-talks control 
plant stature through the regulation of cell division via STU. Under stress conditions, 
plants may reduce STU transcript levels to decrease plant and organ sizes, minimizing 
exposure to stress, and reduce fertility to conserve energy for growth. The slow growth of 
stu-1, which takes approximately an additional week to flower, may also help it tide over 
unfavorable growth conditions. However, the relatively mild phenotype of the stu-1 
mutant, which closely resembles a wild-type plant and produces abundant seeds, suggests 
that STU is probably not a major factor in stress response but only serves a fine-tuning 
effect. 
 The results of our study confirmed that the RGA-inducible system used was 
successful in identifying targets of the GA signaling pathway. Even now, many 
interesting DELLA targets remain to be uncovered and dissected to contribute to our 
current understanding of the GA pathway. In particular, our study hints that there should 
exist genes with similar roles as STU in GA-mediated cell proliferation, since not all the 
four CDK inhibitors affected by GA (Achard et al., 2009) were regulated in a similar 
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manner through STU. The discovery of these additional factors will help paint a more 
complete picture of GA regulation of plant growth. Such in depth understanding may 
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